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Preface
Seeing is believing, and even if one believes, a picture is worth a thousand
words. That’s why the most omnipotent being in human mythology needed
there to be light in order to start working. This need to see has fueled the
human quest towards developing various kinds of microscopes in use today.
Recent years have witnessed an accelerating interest in the development
of a neutral helium atom microscope as a continuation of the natural path
of the evolution of the microscope which started with the optical microscope
and recently witnessed the commercialization of the He ion microscope. The
development of He microscope builds on top of advances in the fields of
He atom scattering and X-ray microscopy. The production and detection
of He beams is basically the same for both spectroscopic and microscopic
applications. Advances in X-ray microscopy have inspired similar approaches
for focusing He beams.
The major problem in realizing the neutral He microscope lies in the
focusing element. Helium cannot pass through materials to be focused like
light and cannot be manipulated with electric or magnetic fields to be focused
like electrons and ions. Therefore one of the most promising options is to
focus a He beam by reflection from a concave surface. The reflecting surface
needs to be chemically stable and atomically flat. This is where Graphene
is of interest. Since its isolation, graphene has drawn the attention of the
scientific community due to its unique electronic and mechanical properties.
A chemically inert and highly stable material, it can be used to protect other
materials from corrosion and oxidation.
Thiswork investigates the surface structure and lattice dynamics of graphene
grown on three different surfaces: Cu(111), Ni(111) and Ir(111) using the
technique of He atom scattering. Cu(111) is the most interesting material for
commercial applications, the weak graphene-Cu interaction makes the transfer
of CVD graphene easier to accomplish than with other materials and the abun-
dance of copper in the earth crust makes the production cheaper than with other
catalysts. Ni(111) is characterized by the strong graphene-Ni interaction and
the low lattice mismatch which results in a (1 × 1) layer of epitaxial graphene.
Nickel is a very reactive material, however it can be easily passivated with
graphene. Ni(111) and Cu(111) are interesting for the application of a focus-
ing mirror as they provide flat surfaces. Furthermore, these metals are not
brittle, they can be made into thin crystals (100 µm) and bent with relatively
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much ease in comparison with other materials. The last surface investigated in
this work is graphene on Ir(111), this could be considered the least interesting
as a focusing surface since the scattered He beam exhibits intense diffraction
modes in the vicinity of the specularly reflected beam. However, its complex
surface structure and dynamics provide a plethora of information that help in
understanding the He-graphene interaction.
This thesis is divided into two parts: Methods and Results. The first
part comprises two chapters: Chapter 1 provides a background of the recent
advances in Hemicroscopy, a review of the structure and dynamics of graphene
grown on metallic surfaces and finally an introduction to the theory of He atom
scattering. Chapter 2 provides a description of the experimental aspects of He
atom scattering and the apparatus used in this work.
When I started composing the second part of this manuscript I could
not follow the advice of the King of Hearts on how to tell a story, namely,
“to start and the beginning and go on till I reach the end then stop” as it
does not provide a comparative narrative. Therefore, the results of this work
are grouped by objective instead of being divided by subject. Chapter 3 is
dedicated for measurements that involve only elastic scattering from the three
surfaces. Other observations like thermal expansion are also included. Chapter
4 covers inelastic processes: it starts with Debye-Waller measurements then
follows with surface phonon measurements. Chapter 5 is somewhat different
from the previous two as it addresses angle and energy resolved Ne scattering
from clean Ni(111) surface followed by Ne scattering from Gr/Ni(111) and
Gr/Ir(111). Finally, Chapter 6 is a concise summary of the main conclusions
of this work.
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Motivation
Recent developments of neutral He microscope show that currently used fo-
cusing methods, namely, Fresnel plate zone diffraction and pin-hole aperturing
have intrinsic limitations like chromatic aberration and low intensity. Focusing
by reflection from a concave mirror is limited only by technical factors like the
quality and stability of the surface of the concave mirror.
The objective of this work is to study graphene-passivated metal surfaces
and find the best surface that offers high intensity and small width of the
specularly reflected beam on one hand and stability, especially under ambient
conditions, on the other hand.
Graphene on metals is an interesting subject of study on its own. Since it
is expected to play an important role in thermal management of new electronic
devices, it is important to understand its lattice dynamics and how it is affected
by the interaction with metallic substrates.
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Abstract
This work is a comparative study of the surface structure and lattice dynamics
of Gr/Cu(111), Gr/Ni(111) and Gr/Ir(111) surfaces using He atom scattering.
The dispersion of the flexural mode (ZA) has been measured for graphene on
several metallic substrates for the first time with high resolution at low energies
(< 10 meV). The results of this thesis show the inadequacy of the conven-
tional Debye-Waller model in describing atom-surface scattering on layered
materials like graphene on metals. Ne scattering in classical regime was used
to investigate multi-phonon scattering at the onset of quantum decoherence.
Theoretical calculations using a classical model that describe the experimental
results of Ne scattering from Ni(111) are presented. We show that Gr/Ni(111)
is a promising option to be used as a He focusing mirror as it provides high
intensity and quality of the specularly reflected beam.
Resumen
En esta tesis se ha realizado un estudio comparativo de la estructura y dinámica
de grafeno (Gr) crecido en Cu(111), Ir(111) y Ni(111) mediante la técnica de
Helium Atom Scattering. En particular, se ha medido por primera vez la dis-
persión del modo de fonones ZA (“flexural mode”) de Gr en varias superficies
a muy bajas energías (debajo de 10 meV). Se muestran además las limitaciones
del modelo convencional de Debye-Waller al describir la dispersión de He en
superficies de materiales laminados, comoGr/metales. Este estudio se ha com-
plementado con medidas empleando haces de Ne en el régimen clásico, con
el que se ha investigado la dispersión de muchos fonones que marcan el inicio
de la decoherencia cuántica. Se muestra que Gr/Ni(111) es una opción prom-
etedora para ser utilizada como espejo de enfoque en el microscopio de He, ya
que proporciona a la vez muy alta intensidad y calidad del haz especularmente
reflejado.
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Part I
Methods
c Robert Hooke's microscope
The first part of the thesis comprises two chapters. Chapter 1 provides a
fundamental background. It starts with a short review of the recent advances
in He microscopy, which is the main motivation behind this work, followed by
a review of the published literature on graphene structure and lattice dynamics
and how they are affected by interaction with metals, which is the subject
of the current work. The last section in this chapter provides a theoretical
background of He-atom scattering which is the experimental technique used in
thismeasurements presented in this thesis. Chapter 2 provides the experimental
details of the apparatus used in this work.
Chapter 1
Background and Theory
This chapter starts with a section that reviews the milestones and recent ad-
vances that shaped state-of-the-art neutral-atom He microscope. The second
chapter is a review of graphene’s structure and lattice dynamics with focus on
CVD graphene on metals and the final section is an introduction to Helium
Atom Scattering (HAS).
1.1 Matter-Wave Microscopy
Understanding the duality of wave and matter opened the door for many ad-
vances in the field of microscopy in the 20th century. Light has been manipu-
lated for centuries in different applications, including microscopy, before un-
derstanding its nature. However, other microscopic techniques were developed
only out of a deep understanding of the nature of matter and its interactions.
The optical microscope was born in the early 1600s and soon it became
an indispensable investigation tool thanks to van Leeuwenhoek, who perfected
lensmaking for his textile trade, and to Robert Hook who was a brilliant painter
as well as a great scientist. The optical microscope was condemned by Abbe’s
limit of diffraction to a resolution of a few micrometers. This has resulted in
several workarounds for improving the optical resolution, like using light with
decreasing wavelengths as in using 405 nm in Blue-ray discs instead the DVD’s
650 nm or the invention of the X-ray microscope that yields a resolution of few
tens of nanometers. Several optical techniquesmanaged to stretchAbbe’s limit,
and finally a super-resolved fluorescence microscopy was developed over the
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last few decades to use visible light with spatial resolution close to 250 nm.
This work was awarded the Nobel Prize in chemistry in 2014.
The electron microscope was invented by Knoll and Ruska in 1932. State
of the art electron microscopes have reached mind-boggling levels of devel-
opment. With a sub-Ångstrom spatial resolution it is capable of identifying
not just the position of single atoms, but also in many cases different types
of atoms. The ability of combining it with electron energy loss spectroscopy
(EELS)makes it a versatile technique that provides a wide spectrum of valuable
information at high speeds. Bonding configurations, spin state and stoichiome-
try, among others, can now be spatially resolved. And now electronmicroscopy
faces new limits, not posed by technology, but rather by quantum mechanics
and the nature of electron-atom interaction [1]. Using electron microscopy
with nonconducting samples requires coating the material with a thin layer of
gold to avoid charging the surface, and the increase of spatial resolution which
requires decreasing the electron wavelength comes at the price of increasing
the energy and thus the potential for sample damage.
Helium ionmicroscopy (HIM) is a technique that combines nanofabrication
with characterization on a nanoscale. The beam is created using a gas field
ion source with a sharp emitter that concentrates a very high electric field on
its tip where the He ionization happens, then optical parts focus and accelerate
the ions towards the sample with a virtual source size < 250 nm and an energy
of 30 keV with < 1 eV spread. The use of electrons for charge neutralization
enables HIM to obtain high resolution images of insulating and biological
samples without coating. High focal depth can be obtained. However, with
such a high energy, HIM is penetrative and can easily damage the studied
sample [2].
Light, electrons and He-ions are probes used in wave-matter microscopy,
they have basically the same instrumental concept of a beam of wave-matter
focused towards a sample to either reflect from it or pass through it towards a
detector. Scanning probe microscopy (SPM) uses a different concept entirely
and will not be discussed in this manuscript.
In the presence of such powerful techniques, is there need for a new one?
Whereas the above techniques cover a wide range of resolutions and appli-
cations, they all employ relatively high energies; photosensitive samples for
example will be destroyed by optical methods, electron microscope works on
conductive materials only, and HIM is a destructive technique by design.
HAS has been a valuable surface science technique for decades. With very
3
Background and Theory
low incident beam energies (10 to 100 meV), light mass and short wavelengths
it provides a nonpenetrative, nondestructive and exclusively-surface sensitive
technique. And since He is a neutral particle with no internal structure, it
can be used even in the presence of external electric or magnetic fields which
makes it suitable for studying the surface structure of magnetic materials or
the effect of applying electric/magnetic fields on the surface structure without
any interference with the probing beam [3, 4, 5, 6]. A He microscope can be
used to obtain not only topological information; it can also give chemical and
structural information thanks to differences in Debye-Waller factor between
different materials and structures [7].
1.1.1 Recent Advances in Helium Microscopy
The possibility of a He microscope was clear since the first measurements that
demonstrated the wave nature of molecular beams. However, focusing a beam
of neutral atoms with no spin to manipulate is not easy, and thus, what makes
He favorable for certain applications is exactly what makes it hard to use in
microscopy.
A microscope, in general, works by focusing the incident beam or ampli-
fying the reflected or transmitted beam, the latter does not seem feasible for
neutral He microscopy. Focusing the incident beam can be achieved by reflec-
tion from a concave mirror, diffraction on or through a grating, and finally by
trimming via a pin-hole (aperturing). All three methods have their advantages,
limitations and technical complications discussed later in details. First we start
with a brief chronological list of the advances along the road toward realizing
the He microscope.
• 1911 Louis Dunoyer demonstrated that atoms flow in a straight line in
vacuum [8].
• 1930 I. Estermann and O. Stern [9] performed the first molecular beam
diffraction measurements from a crystalline surface (H2 and He on LiF
andNaCl) and developed the theory behind it verifying the “matter wave”
nature to molecular beams. Three years later, they both became refugees
in the USA.
• 1951 A. Kantrowitz and J. Grey [10] proposed using miniature nozzle
followed by a skimmer in the production of high intensity molecular
4
Matter-Wave Microscopy
beams which was created and tested by G. Kistiakowsky and W. Slichter
[11] who reported an effective monochromatization of velocities and an
increase of 20 times in intensity.
• 1988 D. Keith et al. [12] reported the first measurement of transmission
diffraction of Na atoms using a grating that was developed for X-ray
spectroscopy.
• 1989 J. Berkhout et al. [13] showed the possibility of focusing an atomic
beam by quantum reflection. They used a concave spherical mirror to
focus a 18 mm beam of cold (T < 0.5 K) H atoms down to 0.5 mm.
The mirror was coated with a film of super-fluid helium to obtain 80%
reflectivity at normal incidence thanks to the extremely weak H-He
interaction.
• 1991 O. Carnal et al. [14] used a Fresnel zone plate to focus a beam
of metastable helium atoms from 210 µm (the diameter of the plate)
to a width of 18 µm. However, the intensity of the focused beam was
extremely low since only the first-order focus was usable in the focusing
measurement.
• 1992 R. Doak [4] showed the possibility of focusing a molecular beam
using a bent crystalmirror formed fromepitaxial gold overlayer deposited
on mica substrate. The FWHM of the reflected beam was reduced from
0.4° to 0.12°. The focusing effect was limited by the quality of the gold
layer. Doak lamented the experimental complexity imposed by the need
of maintaining a clean mirror surface for long times.
• 1997 B. Holst and W. Alison [15] focused a He beam to a spot size of
210 µm by reflection from an electrostatically-bent (111) surface of a
H-passivated 50 µm-thick silicon crystal. The solid angle of the unfo-
cused beam is reduced by a factor of about 100. The mirror reflectivity
remained constant over several months in 10−6 mbar.
• 1997 J. Braun et al. [16] developed micrometer-sized nozzles and skim-
mers made from drawn glass tubes for the production of demagnified
supersonic He atom beams.
• 1999 R. Doak et al. [17] used a Fresnel zone plate of diameter100 µm
along with state-of-the-art microskimmers which improved the spatial
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resolution and He flux and thus obtained a focused beam density several
orders of magnitude larger than that in the work of Carnal at al. [14].
The measured diameter of the focused beam 2-25 µm depending on the
skimmer diameter.
• 2008 B. Holst and coworkers [18] showed the first images of with a
neutral helium microscopy using Fresnel focusing in transmission mode
with a resolution ∼ 2 µm. The imaged sample was a hexagonal copper
grating with a period of 36 µm and a rod thickness of 8 µm.
• 2008 D. Farías and coworkers [19] reported an improvement on the
reflectivity of the mirror surface used in Ref. [15] from <1% to 20%
using certain thicknesses of Pb thin films.
• 2009 W. Schöllkopf and coworkers [20] demonstrated 1D focusing of a
thermal helium atom beam down to 1.8 µm by quantum reflection from
a cylindrical concave quartz mirror at near-grazing incidence where
surface defects and proposed using two concave elliptical mirrors in a
Kirkpatrick–Baez arrangement for 2D focusing.
• 2010 K. Fladischer et al. [21] focused a He beam down to a 26.8 µm ×
31.4 µm almost-circular spot, using the same reflecting surface as in Ref.
[15] with a modified electrostatic bending setup. The have also benefited
from the micrometer-sized nozzles and skimmers [16].
• 2010 E. Sutter et al. [22] found that graphene can grow uniformly on
polycrystalline Ru thin films on patterned fused silica and it remains
stable in ambient gases.
• 2011 D. Farías and coworkers [23] measured a high reflectivity (20%)
for He scattered from epitaxial graphene on Ru(0001).
• 2011 P. Witham and E. Sanchez [24] proposed a simple design of a He
microscope by removing the skimmer and reducing the source-sample-
detector distances. They reported images in reflection mode with a
resolution of 1.5 µm.
• 2011 D. Farías and coworkers measured a high reflectivity of He (23%)
for graphene-terminated Ru(0001) thin films grown epitaxially on c-axis
sapphire.
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• 2012 B. Holst and coworkers [25] achieved submicron focusing using a
Fresnel zone plate.
• 2012 P. Witham and E. Sanchez [26] produced images with a 350 nm
spatial resolution with a few modifications to their minimalist design.
• 2012W. Allison and coworkers [27] designed a compact model of scan-
ning He microscope (SHeM) with off-the-shelf parts reducing the cost
and improving the maintainability of the microscope.
• 2016 W. Allison and coworkers [28] presented SHeM micrographs
demonstrating image contrast arising froma range ofmechanisms includ-
ing chemical contrast observed from a series of metal–semiconductor
interfaces.
1.1.2 Challenges and Prospects of He Microscopy
So far, the advances in He microscopy revolved around improving the focusing
element. Three methods have been investigated, reflection, diffraction and
apertuering.
Bent-crystal mirrors offer both achromatic focusing and a large numerical
aperture. However, precise bending a crystal surface on atomic-length scales
remains problematic, and maintaining the mirror surface atomically clean for
long periods is difficult. W. Schöllkopf and coworkers showed that by using
quantum reflection the complication of preparing and maintaining microscopi-
cally flat surfaces can be avoided because quantum reflection takes place tens of
nanometers away from the surface and is hardly affected by its roughness [29].
While quantum reflection promises high reflectivity and is more forgiving on
the side of preparing the surface, it requires 2-step process, where in each step
the beam is focused in one dimension. As a result the alignment of lenses is
more complicated but not impossible; a two-step scattering measurement was
performed in 1930 by Estermann, Frisch and Stern and in 1981 by Mason and
Williams [30]. In our group we have recently found that graphene-passivated
Ni(111) gives a high reflectivity of He (20%) similar to Ru(0001), we also
found that graphene reduces the surface roughness of the Ni(111) surface. In
theory, reflection from a concave surface is limited only by technical issues like
surface quality and bending uniformity. Graphene is useful in not only passi-
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vating the surface but also in improving its quality by reducing the roughness
of step edges on the surface.
Recently, B. Holst and coworkers started investigating focusing of a He
beam with a photon-sieve structure [31] since the first-order focus of a Fresnel
plate is limited theoretically to 30-50 nm due to the fabricationmethodwhereas,
a photo-sieve promises higher resolution and is easier to fabricate. In a recent
work, C. Brand et al. [32] fabricated transmission diffraction gratings made
of single-layer and bilayer graphene to reduce undesirable effects of the beam
interaction with the grating walls. This method can be useful in fabricating
Fresnel zone plates with improved precision. Fresnel zone plates can suffer
chromatic aberration which sets an intrinsic limit to the focusing resolution,
and since it uses only one diffracted mode it suffers from a low efficiency. T.
Kaltenbacher [33] recently suggested combining the Fresnel zone plate with a
pinhole in analogy with the linear monochromator set-up in X-ray microscopy.
The recent work of W. Allison and coworkers is directed towards the com-
mercial application of He microscopy where delicate and photosensitive ma-
terials are out-of-reach of optical and electronic microscopes when there is
no need for a resolution lower than one micrometer. Trimming the beam by
passing it through an aperture reduces its size effectively. Aperturing is limited
by the size of the pinhole, however, decreasing the pinhole size causes a huge
decrease of intensity which complicates the microscope’s design even more.
Since He has the highest ionization energy among the elements and a very low
ionization probability, special detectors were developed for this approach.
1.2 Graphene
This introductory section will be dedicated to a review of the most relevant
properties of graphene. Firstly, the structure, elastic and thermal properties
of free-standing graphene will be presented, then the modifications to lattice
dynamics of graphene by contact with a metal substrate are discussed.
1.2.1 Structure and Lattice Dynamics of Graphene
Graphene (Gr) is a monolayer of sp2 hybridized carbon atoms arranged in a
honeycomb network with the nearest neighbor distance of 1.42Å [34]. The
honeycomb structure is a 2D-hexagonal lattice with a unit cell containing two
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Figure 1.1: Left: Lattice structure of graphene in real-space, showing the inequivalent
carbon atoms A and B and lattice vectors. Right: Reciprocal-space unit cell of
graphene showing the hexagonal surface Brillouin zone, reciprocal lattice vectors and
high-symmetry points.
inequivalent carbon atoms and a lattice constant a = 2.463Å (measured for
graphite by X-ray diffraction [35]).
The sp2 orbitals (s, px, py) form the strong interlayer σ covalent carbon
bonds, the pz orbitals from neighboring atoms overlap resulting in delocal-
ized pi bands with a linear dispersion that give graphene its unique electronic
properties.
With two atoms in the unit cell, Gr has six phonon branches, three are
acoustic (A) and three are optic (O). These phonon branches are classified
according to their polarization; out-of-plane (Z) modes where the atomic dis-
placement vector is along the axis normal to the Gr surface and in-plane modes
where the displacement is confined in the Gr layer. The in-plane phononmodes
are, in turn, classified as longitudinal (L) or transverse (T) according their po-
larization relative to the direction of the carbon bonds. Longitudinal mode
refer to vibrations parallel to the C–C bonds, which is equivalent to the ΓM
direction, and the transverse mode polarization is perpendicular to the carbon
bonds and thus it is polarized along the ΓK direction [36, 37]. This notation is
summarized in Table 1.1.
Due to the large difference between intralayer and interlayer forces of C
atoms, the physical properties of graphene are very anisotropic. On one hand
this makes studying graphene phonons a good approximation for understanding
the phonons of graphite, on the other hand this requires the consideration of
distant interatomic interactions in the basal plane (up to 16th nearest-neighbor
[38]) to get good results from ab initio calculations. This anisotropy also
9
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Table 1.1: Phonon modes in graphene single layer.
Label Character Polarization Bending
ZA Acoustic Sagittal Vertical (SV) out–of–planeZO Optical
TA Acoustic Shear Horizontal (SH) in–planeTO Optical
LA Acoustic Longitudinal (L) in–planeLO Optical
explains why in-plane phonon modes have higher frequencies compared to
out-of-plane modes [39]. The same line of thinking can explain why the
strong interaction with a substrate which modifies the pi-band softens graphene
phonons [40, 41].
Fig. 1.2 shows the phonon dispersion curves in graphite measured by
HREELS [42, 43], X-ray scattering [35] and neutron scattering [44]), compared
to DFT calculations from Refs. [45, 46]. In general, very good agreement is
found with this and other calculations, although some discrepancies appear
with the phonon frequencies predicted at the Γ, K or M points of the Brillouin
zone [46, 47]. These calculations show the overall similarity of the graphite
phonon spectrum with the six phonon branches of Gr. The only significant
difference appears at low energies, near the Γ point, where the weak interlayer
interactions in graphite lead to a splitting of the ZA mode. The value of ZA at
Γ provides a way to quantify the strength of the Gr–substrate interaction.
Raman spectroscopy is the most widely used technique in characterizing
the vibrational modes of Gr thanks to the high energy of its phonons (200 meV)
[48]. The most prominent features in Raman spectra are the G and G′ bands
(see Fig. 1.3), the spectra also can include the disorder-induced D band at a
frequency half that of the G′ band [36]. The G band is a first-order Raman
scattering process which belongs to the doubly degenerate (TO/LO) phonon
mode at the Brillouin zone center Γ. G′ and D bands, on the other hand,
originate from a second-order process near the K point, involving two TO
phonons or one TO phonon and one defect, respectively. The frequency of
10
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Figure 1.2: Phonon dispersion of graphite from HREELS (red dots, [42, 43]), X-
ray scattering (green dots, [35]) and neutron scattering (open circles, [44]). DFT
calculations are shown by gray dashed lines ([45]) and solid lines ([46]).
D and G′ changes as a function of laser energy because they originate from a
double-resonance Raman process.
In double-resonance Raman process, the wave-vectors q of the involved
phonons couple to the electronic states with wave-vectors k, such that q ' 2k.
TheG′ band is generated when an electron-hole pair is excited near the K point
by absorbing a photon, the electron then scatters inelastically by a TO phonon
to the vicinity of K′ point then scatters back to its previous state near the K
point by a second TO phonon and finally recombines with a hole and emits a
photon. It can happen that instead of two scattering processes of the electron,
the hole along with the electron, each can scatter from one TO phonon and the
recombination can take place near the K′ point. This mechanism is used to
explain the high intensity of G′ band. The energy of the excited electron-hole
pair depends on the energy of the absorbed photon and a continuous range
of energies is available due to the linear dispersion of the electronic bands.
Therefore, the emitted photon energy changes with the energy of the laser [36].
11
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Figure 1.3: Raman spectrum of a graphene edge, showing the main Raman features,
the D, G and G’ bands taken with a laser excitation energy of 2.41 eV. Adapted with
permission from [36] ©(2009) Elsevier.
The D band is basically the same asG′, however, one of the inelastic scattering
processes is replaced by an elastic scattering from a defect. Therefore, the
presence of a D band in the Raman spectra is an indication of the presence of
defects in the graphene layer. The width of the G′ band can be used to indicate
the presence of multiple layers of graphene, since the latter results in a splitting
of the electronic and phonon bands and thus the double-resonance process
can include many combinations of the different branches of the electronic
bands which results in different frequencies of the emitted photons and thus a
broadening of the G′ band. The D′ band is another double-resonance process
involving the LO mode at the K point and a defect [36].
The Raman signal is suppressed in systems with a strong Gr-metal interac-
tion, likeGr/Ru(0001) andGr/Ni(111) due to strong hybridization of the carbon
pi bands with the orbitals from the substrate atoms. The hybridization changes
the Fermi level of the system and reduces the electron-phonon coupling, when
the change is large enough (relative to the G band phonon energy) the Kohn
anomalies are suppressed and the resonance condition for Raman scattering
is lost [36, 49]. In general, the presence of a Raman signal is an indication
that graphene is only weakly physisorbed and not chemisorbed on the metallic
substrate.
Phonon energy will be presented in meV throughout this manuscript, it
can be converted to other commonly used units as follows [50]: wavenumber
12
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(cm−1) = 0.124 meV, frequency (THz) = 4.13 meV and angular frequency (1013
rad/s) = 6.55 meV.
Electron-phonon coupling and Kohn anomalies
The coupling of phonons with the electronic excitation spectrum of a solid may
lead to the appearance of phonon anomalies. This mechanism is one of the key
signatures of electron-phonon coupling and corresponds to the breakdown of
the adiabatic separation of ionic and electronic degrees of freedom. In general,
atomic vibrations are partially screened by electronic states. In a metal this
screening can change rapidly for vibrations associated with certain q points of
the Brillouin zone, which is determined by the shape of the Fermi surface. The
consequent softening of some phonon modes, called Kohn anomaly [51], has
been reported for a variety of systems [52].
Note that in particular, this means that it is not possible to derive the phonon
branches at Γ and K of Gr by using a force constant approach. Kohn anomalies
may occur only for wave vectors q such that there are two electronic states
k1 and k2 = k1 + q on the Fermi surface [51]. The Fermi surface of pristine
Gr consists of two equivalent points at K and K′ which reflect the tips of the
Dirac cones. Since K′ = 2K, these are connected by the vector K. Thus, Kohn
anomalies are expected at Γ and K [53]. In graphite, two Kohn anomalies are
present in the phonon dispersion of the highest optical phonon at Γ (LO/TO
mode) and at K (TO mode) [35, 53].
Heat transport and acoustic phonons
Thermal conductivity in metal composes electronic and lattice dynamics while
in semiconductors and insulators electronic contribution is limited whereas
phonons are the main thermal energy carriers. Since Gr is a semimetal with
no gap and a zero electronic density of state in the Fermi surface at 0 K, it is
natural to expect that its thermal properties are mainly a product of its lattice
dynamics [54]. The specifics of the phonon dispersion and relative contri-
butions of different phonon polarization are important for gaining a complete
understanding of thermal properties of Gr and other 2D materials [55].
The thermal conductivity of bulk graphite is ∼ 2000 W m−1 K−1 at room
temperature. The corresponding value for free–standing Gr is known to be
much larger, reaching 4000–5000 W m−1 K−1 at 300 K. The main carriers are
13
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acoustic phonons with a mean free path around 240 to 750 nm [56, 57].
The thermal conductivity in Gr is size-dependent. It is also sensitive to the
density of defects and to their type. Furthermore, it was found that increas-
ing the contribution of 13C in CVD graphene causes a significant decrease
in thermal conductivity [58]. Gr/substrate interface has a decreased thermal
conductivity as in Gr/SiO2 (600 W m−1 K−1) and 2 to 4-layer Gr (2800 to
1300 W m−1 K−1). Interpretations include suppression of ZA mode, cross-
plane coupling of low-frequency phonons and the enhancement of interface
phonon scattering. On the other hand, interaction with a substrate can af-
fect phonon scattering and increase thermal conductivity as was observed for
encapsulated few layer graphene and boron nanoribbons. The thermal con-
ductivity in Gr increases with decreasing temperature due to the reduction of
Umklapp scattering and reaches a peak below 200 K [56, 57, 59].
However, the relative contributions of the different acoustic phonon modes
to the thermal conductivity of Gr is still an open question. Recent reviews
on the subject are still debating it from the theoretical side. D. Nika and
A. Balandin [57] argue that ZA mode is the main heat carrier only for low
temperatures T < Tlim, while LA and TA phonons dominate for T > Tlim.
The value of Tlim (100-150 K) depends on the size and whether graphene
is suspended or supported on a substrate. The contribution of the in-plane
phonons to thermal conductivity also increases with increasing length of the
Gr ribbon since the large intrinsic mean free path of LA and TA modes makes
them more sensitive to edge scattering while ZA modes are predominantly
affected by substrate scattering. The contribution from ZA is neglected due to
its large Grüneisen parameter and its small group velocity compared to in-plane
modes. Furthermore, a deviation from the quadratic dispersion of ZA branch
(as in supported graphene) results in lower values of group velocities, and thus,
could slightly decrease the relative contribution from ZA phonons to thermal
conductivity [57]. On the other hand, a review by X. Xu et al. [56] indicated
to the theoretical studies that found a larger contribution of ZA mode which,
compared to in-plane phonons, has larger relaxation time (10-40 ps at 300 K),
specific heat and partial density of states at small wavevectors [56].
It is clear that more work is needed in order to understand the relative
contributions of the ZA, LA and TA modes to the thermal conductivity of
supported Gr. From the experimental side, it could be very helpful to get more
acoustic phonons measurements for Gr grown on different substrates.
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Mechanical Properties
Graphene is the “strongest material evermeasured”with a 2DYoung’smodulus
of Y2D = 340 N m−1 [60]. The high in–plane stiffness of graphene is a direct
result of its hexagonal lattice and the carbon–carbon bonds. The increase
in the coupling strength between graphene and its substrate will enhance the
thermal conductivity, because the coupling of the flexural mode to the substrate
Rayleigh waves results in a hybridized mode with linear spectrum and higher
group velocity than the original flexural mode in graphene [54]. The frequency
of the flexural mode is proportional to the square root of the Young’s modulus
[54]. Besides the in-plane elastic properties, graphene is highly flexible due
to its monoatomic thinness. These characteristics make graphene a versatile
material for coating surfaces.
1.2.2 CVD Graphene on Metals
The Gr-metal interface might be a result of chemisorption like with Ni and
Ru, where the electronic structure results from hybridization of the Gr pi and
metal d orbitals, or weak adsorption as in the case of Cu, Ag and Pt, where
the characteristic electronic structure of Gr remains almost intact. Due to the
large difference between intralayer and interlayer forces witnessed by C atoms,
the physical properties of Gr are very anisotropic. This allows to describe the
changes to the phonon dispersion in Gr/metal systems in terms of changes in
the in-plane or the out-of-plane bonds.
Preparation and structure
Generally speaking, Gr-metal interfaces can be classified considering twomain
aspects: i) lattice mismatch, and ii) strength of the Gr-metal interaction. On
Ni(111) and Co(0001) the mismatch between the lattice constants of Gr and
the substrate is less than 2%, which allows Gr to form (1 × 1) structures by
slightly stretching or quenching the C–C bonds. In contrast, Gr on, e.g.,
Ir(111), Pt(111), Rh(111) and Ru(0001) exhibits a lattice mismatch of ∼ 10%,
which leads to the formation of moiré superlattices. Usually, it is possible
to find growth conditions such that Gr forms one domain, which is aligned
with the main symmetry direction of the metal substrate. This is the case
for Gr on Ru, Rh, Re and Ir. However, for most growth conditions on weakly
interacting metals, such as Cu and Pt, different rotational domains are observed
15
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Figure 1.4: Correlation of Gr-metal separation with the energy of the d–band center
of the transition metal. A transition from “weak" to “strong" interaction occurs at a
d–band center position ∼ 2 eV below the Fermi-level. Adapted from [63].
[40, 61]. The moiré superstructure is often used as a template for the growth
of two-dimensional molecular networks [62].
From the view point of the interaction, Gr-metal interfaces can be divided
into strongly and weakly interacting systems [41, 61]. One measure of the
interaction strength is the Gr–metal separation. Fig. 1.4 shows a plot of the
Gr-substrate distance as a function of the binding energy of the d–band center
relative to Fermi energy for different metals There are essentially two groups
in which the separation can be categorized: a value close to 2.1Å for strongly
interacting metals, and a separation of 3.3Å for weakly interacting metals,
which is close to the c-axis spacing in graphite. Figure 1.4 also shows that
the transition from strongly to weakly interacting transition metals occurs at a
d–band center binding energy of ∼ 2 eV [61].
Table 1.2 shows some relevant characteristics of the metallic substrates that
are commonly used for CVD Gr growth. The preparation temperature in low
pressure conditions decreases with increasing C solubility in the substrate.
Surface phonons of graphene on Metals
Since Gr/metal systems can be categorized according to whether the Gr-metal
interaction is weak or strong, we will discuss the general trends observed in
the phonon dispersion curves wholesale for each category. Fig. 1.5 shows the
phonons for different systems of Gr/metal in the ΓM high-symmetry direction
from published literature. Strong-interaction systems are plotted on left panel
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Table 1.2: Summary of relevant information of metallic substrate commonly used
in CVD Gr preparation: Period of the transition d-metal, surface lattice constant of
the substrate a, the energy of the d-band center of d-shell transition metal surfaces
Ed, the graphene-metal separation dGM , carbon solubilities (atom%) at 1000 ◦C SolC
[63, 64], the preparation temperatures taken from several sources:
Metal Period a (Å) Ed (eV) dGM (Å) SolC TCVD (K)
Ni(111) 3d 2.47 -1.29 2.1 2.03 750
Ru(0001) 4d 2.71 -1.41∗ 2.1 1.56 1150
Ir(111) 5d 2.71 -2.11 3.4 1.35 1400
Pt(111) 5d 2.77 -2.25 3.3 1.76 1150
Cu(111) 3d 2.56 -2.67 3.3 0.04 1273∗∗
* value of the lowest distance along the corrugated system
** High pressure CVD
and weak-interaction systems are plotted on the right one, for comparison DFT
calculations for free standing graphene are also shown.
For strong Gr-metal interaction systems, the most pronounced feature is the
hybridization of the ZA mode with the Rayleigh wave (RW) of the substrate
[75]. This leads to the appearance of the substrates RW in the phonon spectra,
as observed for Gr grown on the (111) surfaces of TiC, TaC and HfC [66,
65], Gr/Ni(111) [this work] and Gr/Ru(0001) [71]. These results explain the
surprisingly high reflectivity for He atoms reported for Gr/Ru(0001) (20%) [23,
76] and Gr/Ni(111) (20%) [this work]. The removal of the (quasi-)parabolic
dispersion of the ZAmode in Gr and its replacement with the linearly dispersed
RW of the substrate shows that it is just a consequence of a strong C-metal
interaction. Coupling to the substrate leads to splitting of the ZA mode, i.e.
it does not go to zero for Q‖ → 0. The energy ωZA at the Γ point is a
direct measure of the Gr-substrate bond strength. Large values correspond
to strongly interacting systems: 39 meV has been reported for Gr/ZrC(111)
[67], 34 meV for both TaC(111) and HfC(111) [66, 65], 20 meV for Gr/Ni(111)
[this work] and 16 meV for Gr/Ru(0001) [71]. On the other hand, lower
values are observed for weak Gr-metal interactions; ωZA ∼ 6 meV has been
measured for both Gr/Ir(111) [74] and Gr/Cu(111) [this work]. Surprisingly,
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Figure 1.5: Experimentally determined surface phonons of Gr/M (M is metal or metal
carbide) in the ΓM direction (colored circles) with DFT calculations for free standing
graphene (lines) from [46]. Left: Gr on strongly interacting substrates: (111) surface
of TaC, TiC, HfC, ZrC and NbC [65, 66, 67, 68](red), Ni(111) [69, 70](green) and
Ru(0001) [71]. Right: Gr on weakly interacting substrates: (001) surface of TaC,
ZrC and NbC [66, 67, 68](red), graphite(0001) [44, 42](gray), Pt(111) [68, 72](blue),
Cu(111) [73](orange) and Ir(111) [74](green).
these energies are much lower than the ones reported for graphite: 12.5 meV
has been reported using X-ray scattering [35], and 15.3 meV using neutron
scattering [44]. Further work is needed to clarify this issue.
Concerning the optical branches, the most relevant feature observed for
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systems with a strong Gr-metal interaction is a pronounced softening of the LO,
TO and ZO modes throughout the entire surface Brillouin zone. Softening of
the ZO mode at the Γ point amounts 20 meV for Gr/Ni(111) [69, 77], 35 meV
for Gr/Ru(0001) [78] and ca. 25 meV for Gr on TaC(111), TiC(111) and
HfC(111) [66, 65]. In addition, for Gr/Ni(111) there is a splitting of the ZA
and ZO modes of 16 meV and 13 meV at M and K, respectively. These values
are reproduced by calculations, although they are overestimated [49].
Since in both ZA and ZO modes carbon atoms vibrate vertically, they are
expected to be most affected in cases of strong Gr-substrate interaction. This
is confirmed by data reported for Gr/Ni(111) [69, 70, 77] and Gr/Ru(0001)
[71, 78], which show that ZA and ZO modes deviate considerably from the
ones of graphite. The softening of the ZO bond is a consequence of the
strong interaction, i.e. hybridization of the metal d-band with Gr pi-bands, a
interpretation suggested by Oshima et al. [69, 79, 80] and confirmed later by
DFT calculations [49]. In the LA and LO modes, in contrast, carbon atoms
vibrate parallel to the surface and the influence of the Gr-substrate interaction
is much smaller. Therefore, a signature for the existence of a graphite-like
overlayer is provided by the observation of these two modes, especially from
the LA mode, which has a characteristic large dispersion. This is nicely
illustrated by several examples discussed above for both strongly and weakly
interacting Gr-metal systems. The strength of this interaction leaves its mark
on the two Kohn anomalies present in graphite at Γ (LO mode) and K (TO
mode) [53, 45]. The two anomalies are clearly observed in Gr/Ir(111) [74]
and Gr/Pt(111) [72], and the LO anomaly can be restored in Gr/Ni(111) after
intercalation of Cu, Ag or Au [77, 81, 82].
1.3 Helium Atom Scattering
Helium atom scattering is the only experimental technique used in the work
of this thesis. This section provides a theoretical background of processes
involved in He scattering from surfaces.
1.3.1 He-Surface Interaction
A He atom impinging on a surface will sense the attractive van der Waals
potential which is proportional to z3, where z is the atom distance from the
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surface. At a certain distance from the surface, the attractive potential will
overlap with a repulsive one (Pauli exclusion) and the total interaction potential
will rise steeply. This repulsive part is a result of atom-atom interaction and
thus it is modulated by the atomic corrugation of the surface. As a result,
the He-surface interaction potential V(z,R) is a function of the position on the
surface R as well as the distance of the He atom from the surface [5].
The impinging He atom can approach a certain site on a surface as long
as its kinetic energy is larger than the repulsive potential at this site, typically
2-3Å. This distance, named the classical turning point, varies with R. For
example, a He atom impinging on top of a surface atom will be repelled farther
from the surface than a He atom impinging on a bridge site [5]. However, this
picture of gas-surface interaction is too simplistic as measurements using other
noble gases scattering revealed that anticorrugation effects can give a different
picture of the surface depending on the probe gas [83, 84, 85, 86].
HAS is a very useful surface-characterization technique due to its inertness,
simple internal structure, light mass and low employed energies. These prop-
erties make it a nondestructive probe especially suitable for studying insulating
and delicate samples that can be easily damaged by other techniques. HAS is
exclusively-surface sensitive. It is also not affected by the presence of electric
or magnetic fields which makes it suitable for monitoring thin-film growth.
These characteristics simplify the kinematics of the scattering event.
He atoms are scattered either elastically or inelastically from surfaces.
Elastic scattering includes diffraction which gives information on the surface
structure (atomic periodicity and corrugation) and selective adsorption res-
onances where the motion of He atoms is confined parallel to the surface
with a z-motion energy equal to one of the eigenvalues of the potential, this
phenomenon can relate information on the He-surface potential [87]. Elastic
scattering can also be in the form of a diffuse background where information
on the amount and nature of the surface defects can be obtained [88]. Inelastic
scattering can be either via a single interaction with a surface vibrational mode
or via multiphonon scattering, also known as Debye-Waller factor, which ap-
pears as a broad feature in TOF spectra that can affect the resolution of phonon
measurements.
Finally, HAS is extremely sensitive to dilute adsorbates, this allows an ac-
curate determination of minute amounts of surface impurities (down to 0.001
ML) [89]. Due to this sensitivity, He can be inelastically scattered by the vi-
brational motion of adsorbates or surface defects, this results in the broadening
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of all features in diffraction and TOF spectra.
1.3.2 Structural Information from HAS
A periodically corrugated surface provides a two-dimensional grating from
which a He beam scatters in constructive and destructive interference that
results in a diffraction pattern determined by the surface structure and the
beam wavevector. The periodicity of a surface is described by the position
vector Rpq = pa1 + qa2, where p and q are integers and ai are the primitive
lattice vectors. The reciprocal lattice vector is described by the vector Gpq =
pb1 + qb2, where p and q are integers and bi are the reciprocal lattice vectors.
The relation between the real and reciprocal lattice vectors is given by
bi = 2pi
a j × zˆ
ai (a j × zˆ) and b j = 2pi
ai × zˆ
a j (ai × zˆ), (1.1)
where zˆ is the unit vector normal to the surface. A standard notation, used
in most HAS literature, describes vectors by their components parallel and
perpendicular to the surface, for example a vector m has the components M
and mz parallel and perpendicular to the surface, respectively which can be
written as m = (M,mz). This notation will be used in this manuscript.
A beam of atoms with an initial energy Ei and a mass m will have a
wavevector ki = (Ki, kiz)whose norm is given by the its de Broglie wavelength
|ki | = 2pi
λ
=
√
2mEi
~
. (1.2)
In elastic scattering experiments where energy and momentum are conserved
Ei = E f and ki = k f , a beam that impinges on a surface will scatter with a
wavevector k f = (K f , k f z) defined by the Bragg condition which relates the
incoming and outgoing wavevectors to the reciprocal lattice vector
∆K = K f −Ki = Gpq. (1.3)
In a fixed source-detector angle apparatus where θi + θ f = ΘSD the sample
is preferably oriented so that one high-symmetry direction of the surface lattice
is contained in the sagittal plane. A diffraction spectrum is obtained by rotating
the sample around an axis perpendicular to a plane defined by the incoming
beam ki and the normal to the sample surface z, see Fig. 1.6. The specular
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Figure 1.6: A scheme of kinematics of diffraction showing the reciprocal lattice
structure of a hexagonal surface with reciprocal lattice vectors (black), the incident
wavevector (blue) and two diffracted wavevector in-plane (orange) and out-of-plane
(dark red).
position corresponds to the angular position where the incident and final angles
are equivalent ( θi = θ f = ΘSD/2). This is the position where the (0,0)
diffraction peak (which represents specular reflection) is detected. And thus,
the Bragg condition in Eq.(1.3) can be reduced for a fixed ΘSD apparatus to
one-dimensional problem as
∆K = ki(sin θ f − sin θi) = Gpq, (1.4)
here the surface is rotated so that the angle between Ki and Gpq is zero. Thus,
a diffraction spectrum obtained in this geometry is a measure of scattered
intensity as a function of the change in the incident angle relative to specular
position ∆θi = ΘSD/2 − θi. And the diffraction peaks will appear at angles
±∆θi given by the relation
sin∆θi,pq =
λGpq
4pi cos
(
ΘSD/2
) . (1.5)
A more general approach to the scattering problem is more convenient for a
fixed θi setup. In such setup the detector is mounted on a two-axis goniometer
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and scans a part of a sphere centered approximately at the sample position.
When no geometrical restrictions are assumed on the incident beam, namely,
the azimuthal angle between the incident beam and any of the real space lattice
vector is not zero; amore general formula of Bragg condition gives the outgoing
polar (in-plane) θ f ,pq and azimuthal (out-of-plane) φ f ,pq diffraction angles as
[90]
sin φ f ,pq =λ
[
− p
a1
(sin φi + cos φi cot β) + qa2
cos φi
sin β
]
;
sin θ f ,pq =
1
cos φ f ,pq
[
sin θi + λ
p
a1
(cos φi − sin φi cot β) + λ qa2
sin φi
sin β
]
,
(1.6)
where β is the angle between the real-space lattice vectors, θi is the angle of
incidence, and φi is the angle between Ki and a1.
Angle resolved resonances
There are two types of resonances that can be resolved in a diffraction measure-
ment, i.e. without energy analysis of the scattered molecular beam. The first
is related to the atom–surface potential and can be detected when Ei is com-
parable to the potential depth. This phenomenon is called selective adsorption
resonance and is elastic in nature. The second which is inelastic in nature
appears when a molecule with an internal structure and a defined vibrotational
state (vi, Ji) scatters from the surface in a different vibrotational state (vi, Ji).
This phenomenon is called rotationally inelastic diffraction since it generates
well defined peaks in the diffraction spectra. Although the physics of these two
phenomena is very different, their kinematics is simple and somewhat similar.
That is why they are discussed in together this section.
Selective adsorption resonances (SAR) Solving the Bragg condition in
Eq.(1.5 and 1.6) gives the values of the diffraction angles. The result should be
a real number and this is the case for small values of reciprocal wavevector in-
dices p and q. These are called open diffraction channels. Increasing the values
of the reciprocal wavevector indices will eventually give an imaginary solu-
tion to the Bragg condition, these are called closed diffraction channels. This
results from the geometry of the diffraction kinematics where open channels
satisfy the condition k2f z > 0.
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Figure 1.7: A scheme of kinematics of selective adsorption resonances.
However, due to the presence of a potential well, a particle that would
normally scatter back from the surface with k2f z,pq > 0 might be trapped on the
surface when the energy associated to the z motion fulfills
~ k2f z,pq
2m
= n, (1.7)
where m is the molecule mass and n is an eigenvalue of the molecular–surface
potential well.
From this picture one can see that SAR is more favorable when Ei⊥ is
comparable to D. The kinematic condition for resonance into a bound state
with binding energy n < 0 can be easily derived from the conservation of
energy and parallel momentum
n =
~2
2m
[
|ki |2 −
K +Gpq2] . (1.8)
SARs are useful for obtaining information on the atom-surface interaction
potential. This can be done by measuring the intensity of a diffracted beam
(typically the specular one) as a function of either (1) the angle of incidence or
(2) the azimuthal angle or (3) the incident beam energy, while keeping the other
two parameters constant. SAR features appear as sudden minima (or maxima)
in an otherwise smooth profile of intensity. From an experimental point of
view, (1) is the easiest to perform and it is thus the most employed method.
SARs are not observed in the scattering from low-corrugation surfaces (like the
close-packed metal surfaces) due to the weakness of diffractive coupling [5].
The motion of the bound particles is not restricted in the surface plane, they can
keep moving depending on their K f ,pq until they desorbed either by an elastic
transition into some allowed diffraction channel, or by inelastic scattering from
the lattice or surface defects.
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Rotationally inelastic diffraction (RID) This phenomenon does not affect
noble gases since they do not have internal degrees of freedom. It involves
other molecules like H2 and D2. And since only thermal energy beams are
used in our laboratory, the molecules will be in the ground vibrational states.
RIDs, as the name suggests give rise to extra peaks in the diffraction spectra
like the spectra in Fig. 1.8.
When a molecule impinges on a surface it can either scatter elastically
or, under certain incident conditions, energy exchange can take place between
internal degrees of freedom of the molecule. The energy difference can be
either gained or dissipated into the surface. The undergoing kinematics of this
process are simple, where the Bragg condition is applied in combination with
an energy conservation condition
Ei = E f − ∆Erot, (1.9)
where∆Erot is the energy gap between themolecule’s rotational levels. Finding
the positions of the diffraction peaks is simply done by calculating E f from the
above formula and using the corresponding wavelength in Eq.(1.6).
For example, the rotational energies of the j = 0 
 2 and j = 1 
 3
transitions of D2 are 22.2 meV and 36.88 meV, respectively [91]. Fig. 1.8
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Figure 1.8: Angular diffraction of D2 with Ei = 87 meV from Ru(0001) (black) and
Gr/Ru(0001) (red) with TS = 430 and 130 K, respectively.
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shows an example of diffraction spectra of D2 from Ru(0001) (black) and
Gr/Ru(0001) (red). Typical elastic diffraction peaks appear at |∆θi | ∼ 10° for
the first order diffraction peaks (Ru(1,0) and Gr(1,0)) and at |∆θi | ∼ 1° for the
moiré superstructure on Gr/Ru(0001) (m(1,0)), these peaks are similar to the
ones observed in He diffraction spectra from these surfaces [71]. Additional
diffraction peaks appear on the Ru(0001) curve at ∆θi ∼ −5.2° and 5.7°
which are a result of the (1¯, 0) and (0,0) RIDs from the 0 → 2 transition, a
shorter notation (0,0):02 is more convenient. The diffraction spectrum from
Gr/Ru(0001) shows an intense RID peak at ∆θi ∼ 5.6° associated with the
(0,0):02, two other RID peaks with low intensities can be seen at ∆θi ∼ −5°
and −6.1° which are associated with the (1¯, 0):02 peaks of the periodicities of
graphene and Ru(0001), respectively.
1.3.3 Surface Lattice Dynamics from iHAS
The coupling of motion of the atoms in a solid gives rise to its phonon modes.
A flat surface breaks the 3D-translational symmetry of the solid, which gives
rise to surface localized modes whose vibrational amplitudes decay rapidly
away from the surface. The projection of the bulk modes onto the surface
forms a continuum (bulk bands) since the component of their wave vector
parallel to the surface are arbitrary [92]. When surface modes appear in the
continuum occupied by bulk bands they are called resonances, otherwise, they
are pure surface modes. The resonances which are bulk phonons with large
amplitudes at the surfaces may or may not couple (hybridize) with the bulk
modes. Depending on the mode polarizations, when surface resonances have
the same polarization as the equivalent bulk modes they hybridize and their
displacement field does not decay to zero far inside the crystal, but when they
have an orthogonal polarization to the bulk modes they remain localized at the
surface [3, 93].
Experimental determination of surface phonons
The production of an intense monochromatic helium beam with a relative
velocity resolution of 1% has been achieved by J. P. Toennies and coworkers in
1981 by the introduction of a new mode of operation of nozzle beam sources
and the use of a carefully designed system of differential pumping to increase
the sensitivity of the detector. TheHe beam is chopped into pulses of controlled
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widths where the energy spread is 1.5% to 5% depending on the initial energy
and pulse width [94, 95].
The measurements are done in a fixed-geometry setup where the detector
is fixed and the sample is rotated, this allows for exciting phonons even beyond
the first surface Brillouin zone (SBZ), depending on the incident energy of the
helium beam. The scattered beam is time-resolved by a multichannel analyzer
connected to a detector consisting of an electron bombardment ionizer followed
by amass spectrometer to separate probe ions from the residual gas background.
The collected spectra are then transformed into energy-exchange spectra.
Inelastic helium atom scattering (iHAS) is accompanied with an excitation
or an annihilation of elementary excitations on the surface, which could be
phonons, molecular vibrations of adsorbates, electronic transitions or plas-
mons, and thus the probing particle scatters off the surface with an energy
E f = Ei ± Eq where Eq is the energy of the elementary excitation.
In the usual experiment, an energy exchange spectrum is measured for a
fixed |ki | and θi, explicitly speaking: the energy of the beam and its angle on
incidence are kept fixed, and a time-of-flight (TOF) spectrum I(t) is collected
often for several hours (increasing signal-to-noise ratio). A complete set of
TOF spectra includes different measurements for different beam energies and
angles of incidence. A straightforward conversion gives TOF spectra as I(∆E)
then energy and momentum conservation laws give ∆K(∆E) for each single
event featured in the TOF spectrum. In order to compare the experimental
results with the theoretical dispersion curves the crystal is usually lined up so
that ∆K is parallel to one of the high symmetry directions of the reciprocal
lattice of the surface.
Before addressing the dynamics of iHAS, it might be useful to highlight
the main aspects of another experimental technique used more often in sur-
face phonon measurements: high resolution energy loss electron spectroscopy
(HREELS). The electron beam source in the last generation of HREELS Spec-
trometers is composed of a two-step monochromator resulting in a resolution
of 0.5 meV and a significant increase of intensity in the high resolution range,
the incident energy can be increased up to 250 eV. Probing the phonons along
the SBZ is achieved by rotating the detector while keeping the sample at a fixed
θi or by changing the incident energy Ei. The detector is composed of a single-
stage energy analyzer and a channel electron multiplier detector (channeltron)
where the scattered beam is directly energy resolved.
Electrons can lose energy on a surface via dipole scattering which is used
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for studying the vibrational modes of adsorbed molecules. Low momentum
transfer is associated with this event and thus, the scattered beam suffers
only small deflections from the specular direction. The relevant energy loss
for phonon measurements is the impact scattering regime where electrons
with higher incident energies penetrate the surface to undergo short-range
interactions with the atomic potential in the close vicinities of ion cores. They
collide with the ions of the first few layers on the substrate and scatter off after
exchanging energy and momentum with the surface lattice vibrations, impact-
scattered events are easier to resolve as they appear in off-specular directions.
Due to the relatively large cross section of electron inelastic scattering, the
mean free path of electrons in the relevant energy range is of the order of
1 nm and all elastically backscattered electrons thus stem from the first few
monolayers of the crystal [50, 92].
Time-of-flight measurement
Energy analysis of the scattered molecular beam is achieved experimentally
by a TOF measurement. The first step is creating monochromatic pulses of
the probe gas which can be achieved using a pulsed nozzle or by mechanically
chopping the beam into pulses using a rotating disc that contains at least one slit
with a determined width. The mechanical chopper is the most used approach
in iHAS due to its durability.
Fig. 1.9 shows a scheme of the TOF measurement. The incident beam
with kinetic energy E0 is chopped into short pulses before reaching the sample
which is aligned in certain θi and φi angles. The scattered atoms will leave
the surface either with the same incident energy and thus the same speed, or
gain (lose) energy from the surface and thus travel at higher (lower) speeds
and arrive to the detector earlier (later) than the elastically scattered part of the
pulse.
Experimentally, TOF spectra are a measure of reflected intensity as a
function of arrival time which has to be converted into energy to be useful.
This conversion can be obtained from the relation between flight times and the
traveled distances and using the kinetic energy relation E = 12mv
2. A detailed
analysis is presented in Chapter 2.
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Figure 1.9: Scheme of a TOF measurement.
iHAS Dynamics
Gaining or losing energy upon scattering corresponds to phonon annihila-
tion or creation, respectively. Conservation laws now include the energy and
momentum of the created/annihilated phonon
∆K = G +Q and ∆E = ±~ω(Q), (1.10)
whereQ is the phononmomentumparallel to the surface. The signs + and - refer
to the phonon annihilation and creation processes, respectively. Combination
of the conservation laws results in a general kinematical condition for inelastic
atom-surface scattering called the scan curve [96]
~ω(Q)
Ei
=
(sin θi − ∆K/ki)2
sin2 θ f
− 1 . (1.11)
Fig. 1.10 shows a schematic representation of a Rayleigh wave (RW)
phonon mode in an extended surface Brillouin zone diagram of an arbitrary
lattice, typical scan curves of He-scattering in a fixed source–detector angle
setup (ΘSD = 105.4°) are plotted using two incident beam energies Ei =
15 and 25 meV and several angles ∆θi = −30 to 30° relative to the specular
position whose scan curves pass from the axes origin. Horizontal lines indicate
the incident energy of the He beam and demonstrate the energy cutoff for
phonon creation which is only possible for |∆E | < Ei.
When a scan curve crosses a phonon mode dispersion curve it means that
the incident conditions allow for detecting a single phonon scattering event in
the measurement and thus a peak in the corresponding TOF spectrum. When a
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Figure 1.10: Schematic representation of a RW phonon in an extended zone diagram
(solid black). Dashed lines are typical scan curves for a fixed source-detector angle
setup (ΘSD = 105.4°) of He scattering with Ei = 15 and 25 meV (blue and red,
respectively).
scan curve crosses a phonon mode dispersion curve in a perpendicular manner
it results in a sharp peak in the TOF spectrum while a scan curve that is tangent
to the phonon dispersion curve will result in a wide (smeared) peak. Fig. 1.10
shows that it is kinematically possible to observe both phonon creation and
annihilation in forward and backward scattering in a single TOF spectrum,
although not necessarily in the same Brillouin zone.
Fig. 1.11 shows a set of TOF spectra of He scattering from the surface of
graphene/Cu(111)/Al2O3 using two incident beam energies indicated on their
corresponding panels. Left panel shows the converted TOF spectra where
intensity is plotted as a function of energy exchange. Right panels show the
raw TOF spectra, notice from the arrival time values how the beam with lower
incident energy arrives later to the detector and the inelastic peaks are farther
apart and thus easier to resolve. This shows that decreasing the incident beam
energy improves themeasurement resolution but increasing the incident energy
is required to avoid energy cutoff.
The aforementioned smearingwhich results froma scan curve being tangent
to a phonon dispersion curve is called kinematic focusing (KF) [97]. It results
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Figure 1.11: Right: TOF spectra of He scattered from Gr/Cu(111)/Al2O3 for two dif-
ferent incident energies (43 meV and 32 meV). The corresponding inelastic scattering
intensity as a function of energy loss is shown on the left panel. Surface temperature
is 120 K.
in enhanced inelastic scattering that affects the atoms in SAR status. This effect
is manifested as a sharp small peak at the corresponding angular position in
the diffraction spectra. The kinematic condition for the KF can be obtained
by introducing the energy and momentum of the involved phonon in the SAR
condition in Eq.(1.8) to get
n =
~2
2m
|ki |2 ± ~ωKF(QKF) − ~
2
2m
K +Gpq +QKF 2 , (1.12)
here ~ω(QKF) is the phonon energy corresponding the KF condition and QKF
is its momentum.
Quantum sonar effect
The inelastic scattering probability P(ki, k f ) for one-phonon creation pro-
cesses is proportional to the Debye-Waller factor P(ki, k f ) ∝ e−2W(p); where
2W(p) = 〈(p.u)2〉 /~2, p and u are the phonon’s momentum and displacement,
respectively [98]. This explains why multiphonon scattering probability in-
creases with increasing surface temperatures. Analyzing the He-phonon forces
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at ametal surfacewhere theHe-metal potential and the surface lattice dynamics
were treated equally shows that the surface electrons experience forces by the
He-atom which are transferred to the ions by electron-phonon coupling. The
indirect He-phonon interaction can be interpreted as the Coulomb electron-
phonon force integrated on the region of the variation of the metal density
induced by the He atom [99]. Recently, the inelastic scattering probability of
He-atom by a single-phonon creation process was found to be proportional
to the electron-phonon coupling strength λQν (mass correction factor) for that
specific phonon (mode-λ) [100]. This factor correlates with the Kohn anoma-
lies observed in dispersion curves of phonons measured by HAS. Therefore;
to a good approximation the HAS amplitudes for individual phonons are pro-
portional to the respective electron-phonon coupling constants λQν. The range
of the electron-phonon interaction determines how deep a sub-surface atomic
displacement can be detected by HAS. This is especially the case for small Q
where the out-of-plane mode of sub-surface layers can be easily measured by
HAS through the “quantum sonar effect” [100].
Selection rules
The polarizations of the surface phonons are customarily referred to using the
sagittal plane, which is defined by the incident wave vector ki and the surface
normal zˆ, experiments are typically conducted in the sagittal scattering regime
where the final scattered wave vector k f lies in the sagittal plane. Surface
modes are thus classified into three types: transverse (T), longitudinal (L) and
shear horizontal (SH). The polarization vector of SH is normal to the sagittal
plane whereas L and T modes form a coherent mixture of both polarizations
that lie within the sagittal plane; with the name indicating the largest relative
amplitude. When the sagittal plane along a high symmetry direction coincides
with a mirror plane of the surface structure SH is odd relative to it while T and
L are even, and thus the coupling of atoms to the SH mode becomes forbidden
[3].
This is because the wavefunctions of the initial and final states of the
projectile are even to the mirror plane reflection. However, the odd modes
become visible along the same direction if the mirror plane of the sample
is tilted with respect to the scattering plane [101, 102]. Misalignment from
the high symmetry directions as well as the existence of domains with random
orientationswill render selection rules inactive. The violation of selection rules
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Figure 1.12: Scheme of scattering geometry showing the surface and sagittal plane, and
the polarizations of three phononmodes: transverse, longitudinal and shear horizontal.
With permission from [3]. ©(1991) Springer.
also occurs due to lowered crystalline quality which breaks the translational
symmetry and thus can be interpreted as a signal of the disorder in the sample
[38]. Finally, the interaction of an overlayer with a substrate also can break or
reduce the symmetry as in a Gr layer on a metallic substrate and thus reduce
or even remove all selection rules [101].
Umklapp scattering This effect is a form of phonon-phonon scattering in-
volving the exchange of surface reciprocal lattice vectors G. Here a phonon
is created by scattering with a wavevector extending beyond the first Brillouin
zone of the surface, this can result in a backward scattering phonon upon zone
folding. For large phonon wavevectors the intensity of Umklapp processes
increases and this scattering mechanism starts to dominate [103].
He atoms carry enough momentum to allow for Umklapp scattering pro-
cesses, this can be exploited to measure shear horizontal phonons near the
zone boundary which can be accessible in sagittal plane scattering when the
momentum transfer extends beyond the Brillouin zone boundary [3]. A surface
with a small surface Brillouin zone, like a moiré superstructure which has a
lattice constant ∼ 25Å, provides favorable conditions for Umklapp scattering.
Debye-Waller effect
The Debye-Waller factor is used in to describe the attenuation of diffracted
intensities caused by the thermal motion of the crystal atoms. The principal
observable effect of the thermal vibrations of surface atoms is the attenuation
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of the coherent diffraction intensities without a change of the peak shape. The
Debye-Waller factor relates the intensity I(TS) of a diffraction peak from a
surface at temperature TS to the intensity I0 from the lattice at rest by
ln[I(TS)/I0] = −2W(TS) = −24m(Ei cos
2 θi + D)TS
MkBΘ2D
(1.13)
wherem andM are the atomicmasses of the projectile and surface, respectively,
Ei and θi are the incident energy and angle of the beam, kB is the Boltzmann
constant, TS is the surface temperature, D is the well-depth of the projectile-
surface potential and ΘD is the surface Debye temperature. This equation
indicates that the strength of the diffraction intensities should be highest for
low incidence energy and surface temperatures and for grazing incidence an-
gles. On the other hand, increasing surface temperature and beam energy will
reduce diffraction peak intensities to levels where elastic scattering is no longer
observed and the scattering process can be described using classical models.
The Debye-waller model was originally developed for X-ray and neutron
scattering with the assumptions that the interaction in the scattering event is
both weak and short in duration. This is not the case in HAS, however, the
Debye-Waller factor in Eq.(1.13) has been successfully used in describingmany
experiments rather well [5].
A recently-published quantum theory showed that the Debye-Waller expo-
nent is directly proportional to the electron-phonon coupling constant λ [104].
This opens the possibility of directly extracting the electron-phonon coupling
strength in quasi-2D conducting systems from the dependence of HAS inten-
sities on the surface temperature or the incident beam energy.
Classical smooth surface model (SSM)
Chapter 5 of this work addresses classical scattering of Ne from Ni(111) where
the classical smooth surface model (SSM) is used to describe the results. In
the classical SSM the transition rate w(p f , pi) for scattering of a projectile
atom with incident momentum pi = (Pi, piz) into a state of final momentum
p f = (P f , p f z) is given by [105, 106, 107]:
ω(p f , pi) ∝ 1(4pikBTS∆E0)3/2
|τ f i |2 exp
{
−(E f − Ei + ∆E0)
2 + 2v2RP2
4pikBT∆E0
}
,
(1.14)
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where Ei and E f are the initial and final energies of the projectile, P is the
component of the momentum transfer parallel to the surface, ∆E0 = (p f −
pi)2/2M is the classical recoil energy with M the effective mass of the surface,
TS is the surface temperature, the Boltzmann constant is denoted by kB and vR
is a weighted average of phonon speeds parallel to the surface [105, 106]. The
matrix element τ f i is the transitionmatrix of the interaction potential takenwith
respect to the initial and final states of the projectile atom. It is approximated
by the value obtained for a rigid repulsive hard wall potential where it is
proportional to the product of the initial and final momenta perpendicular to
the surface, τ f i ∝ p f zpiz.
Equation (1.14) has successfully described scattering spectra for several
systems such as heavy rare gas scattering from molten metals [108] or other
clean metal substrate targets [109, 110]. In order to compare the transition rate
of Eq.(1.14) with experiment it must be converted into a differential reflection
coefficient. The differential reflection coefficient is obtained by multiplying
w(p f , pi) by a Jacobian which is proportional to the magnitude of the final
momentum p f and dividing by the incident atomic flux which is proportional
to piz.
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Experimental
This chapter provides a general description of theHe scattering apparatuswhere
the production and propagation of supersonic atom beams. Details of the two
HAS apparatus used in this work are presented. Afterwards, a discussion of the
experimental considerations in HAS measurements is presented. And finally,
a few modifications and additions made during this work to the experimental
setup are listed. Further information on the subjects of this chapter can be
found in Refs. [3, 4, 8, 89, 90, 111, 112].
2.1 Production and Detection of Helium Beams
The procedure to produce a He beam is basically by creating a leak of pressur-
ized gas into a vacuum chamber; under the right conditions the He beam can
travel hundreds of kilometers. Free jet sources have been developed during the
last century as has been mentioned in Section 1.1.1. The translational energy
of a gas in equilibrium using the Maxwell–Boltzmann distribution is given by
Etr = 12m v
2 = 32RT , where R is the ideal gas constant, T is the equilibrium
temperature, m and v are the mass and average velocity of the gas atoms. The
mean free path of an atom of such gas is λ = kB T/(
√
2 piP σ2), where P is
the pressure in (Pa), σ is the atomic diameter in (m) and kB is the Boltzmann
constant [8, 112].
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2.1.1 Free Jet Sources
Free jet molecular beam is a neutral beam of atoms extracted from an underex-
panded part of a supersonic continuum, expanding from a high-pressure (P0)
gas source into a low-pressure (Pb) ambient background. The following is a
brief summary of book chapter by D. R. Miller in Atomic andMolecular Beam
Methods [111].
The expanding beam, out of the nozzle, is comprised of two parts: The
core known as the zone of silence and the outer layer known as the compression
waves, a skimmer placed at the end of the zone of silence serves to extract the
centerline beam. The gas starts from a reservoir at the stagnation state (P0,
T0) with a negligibly small velocity, it accelerates through the nozzle due to
the imposed pressure difference (P0 − Pb). The flaw may reach sonic speeds
(Mach 1) at the source exit provided P0/Pb > G = ((γ + 1)/2)γ/(γ−1), which
is less than 2.1 for all gases. If the pressure ratio is less than the critical
value, then the flow will exit subsonically with pressure nearly equal to Pb
without any further expansion. γ is the heat capacity ratio CˆP/CˆV which is
related to the degrees of freedom of the gas molecule by γ = 1 + 2/ f . The
total number of degrees of freedom of a molecule is f = 3N with N being
the number of atoms in the molecule. These degrees of freedom divided into
translational, rotational and vibrational depending on themolecule’s symmetry.
Every molecule has a defined number of degrees of freedom: 3 translational,
rotations are 3 (or 2 for linear molecules), vibrations are 3N − 6 (or 3N − 5 for
linear molecules). Vibrational motion of molecules contributions to the heat
capacity is negligible at thermal energies. γ = 5/3 for monoatomic gases like
He. In reality γ deviates from the values derived from symmetry but can be
determined precisely by experiment.
In supersonic flow, unlike subsonic flow, the flow velocity (M) increases
as the area of the flow increases, so as the gas starts expanding from the source
exit its Mach number becomes much larger than 1. Furthermore, a supersonic
flow cannot "sense" downstream boundary conditions, this is a crucial feature
caused by the fact that information propagates at the speed of sound whereas
the gas flows faster than that (M >> 1). The gas starts expanding isentropically
with a continuously increasingM , in order to compensate for its overexpansion
it creates a system of shock waves which is composed of a barrel shock at the
sides and theMach disk shock normal to the centerline. TheMach disk location
xM is given by (xM/d) = 0.67(P0/Pb)1/2, where d is the nozzle diameter. The
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width of the Mach disk is estimated to be of the order 0.5xM(±25%), but the
correct value depends on γ and P0/Pb. For example, a beam created using a
gas reservoir of 4 bar, which flows into a vacuum chamber of 4 × 10−5 mbar
through a 10 µm nozzle results in xM = 9.5 mm.
By considering the expanding gas to be ideal with no viscous and heat
conduction effects, which are good approximations for high-speed flow, the
stagnation enthalpy per unit mass is given by H0 = H + v2/2. As the gas
expands and cools that enthalpy decreases and the mean velocity increases.
For ideal gases, dH = CˆPdT , this gives
v2 = 2(H0 − H) = 2
∫ T0
T
CˆPdT . (2.1)
If CˆP is constant over the range of interest of beam temperatures then v =√
2CˆP(T0 − T). For an ideal gas CˆP = (γ/(γ − 1))R/m, where R is the ideal
gas constant and m is the molecular mass. If the gas is cooled substantially in
the expansion T << T0 we obtain a maximum or terminal velocity:
v∞ =
√
2R
m
γ
γ − 1T0, (2.2)
the mean velocity approaches v∞ quickly after exiting the source. From this
equation the kinetic energy of noble gas beams becomes
E =
1
2
mv2 = R
γ
γ − 1T . (2.3)
Thus, for an ideal gas R = 0.086 meV and γ = 5/3 at T = 300 K the beam
energy is E = 64.635 meV. The energy resolution of a beam is proportional to
T/v2.
Using a mix of gases requires the usage of the average heat capacity C¯P =
ΣXiCPi = ΣXiγi/(γi−1)R and the molar average molecular weight m¯ = ΣXimi,
where Xi is the mole fraction. From this we get that the mean velocity is
proportional to the reciprocal of the molar weight. Hence, we can accelerate
a heavy species by diluting it in a light gas or decelerate a light species by
diluting it in heavy gas. The flow rate of an ideal gas through a nozzle in
supersonic expansion is given by:
f . = P0A
[
γm
RT0
(
2
γ + 1
) (γ+1)/(γ−1)]1/2
(2.4)
38
Beam Production and Detection
in kg s−1, where A = pid2/4 is the area of the nozzle exit, thus, the flow rate
using 80 bar through a 10 µm is 2.4 × 10−5 sccm.
2.1.2 Helium Detectors
In principle, every method suitable for measuring low pressures in a vacuum
chamber can be used to detect molecular beams if the sensitivity is increased
sufficiently, because the measured intensity is usually of the same level as the
background gas in the chamber.
Helium is the element with the highest ionization energy∼ 25 eV and a very
low ionization probability. Thus, high intensity and high voltage ionization
currents are needed in the detection of scattered He beam since the density of
a scattered beam is comparable to the density of background gases. The most
commonly used type is a cross-beam quadruple detector where the ionization
zone is optimized to provide better sensitivity. Electron multipliers with high
dynamic range are required because of the difference in peak intensities in one
diffraction measurement can be seven orders of magnitude.
2.1.3 Helium Scattering Machines
Two HAS machines were used in this work. The first, nicknamed ERASMO,
is a high-resolution time-of-flight machine with a fixed source-detector angle.
The design of this apparatus provides high intensity and high energy resolution,
both are requirement for TOF measurements. The second scattering apparatus
enables the determination of absolute diffraction intensities by measuring the
incident and scattered beams using the same movable detector and thus, the
normalization to detector sensitivity is not needed [113]. The movable detector
also allows for out-of-plane measurements of diffraction peaks. Throughout
thismanuscript this apparatuswill be referred to by its acronymsTEAMSwhich
stand for thermal energy atomic and molecular scattering. Both machines are
located in the Surface Science Laboratory in Universidad Autónoma deMadrid
(LASUAM).
Fixed angle setup: ERASMO
The apparatus used for this work was first designed by E. Hulpke and built by
H. J. Ernst for conducting high resolution measurements of surface phonons,
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andmodified later by J. Ludecke,W. Steinholg and B. Flach as part of their PhD
work. The system was built in Max Planck Institut für Strömungsforschung
in Göttingen (Germany). It was then donated by J. P. Toennies and moved to
LASUAM by D. Farías in 2004. Installation and calibration were performed
by D. Barredo during his PhD work [114]. Fig. 2.1 shows a top-view diagram
of ERASMO. The main chambers are the source, target, and detector chamber.
The source is composed of three partially connected sections each one of
them is equipped with an independent pumping system. The first section,
where the beam is produced from the nozzle, is connected to an 8000 l/s
diffusion pump and a roots pump with a capacity of 500 m3/h. This high
capacity pumping allows the usage of high stagnation pressure which reduces
the velocity spread of the beam. The background pressure in this part of the
source chamber is usually 10−4 mbar using 80(30) bar stagnation pressure and
a nozzle with diameter 10(20)µm. The nozzle can be cooled down using
a closed-cycle He cooling system; the lowest practical temperature that can
reached is ∼ 85 K (EHe = 18.5 meV). The nozzle temperature is controlled
using an independent PID controller from Lake Shore connected to a Pt100
sensor and a heater (two resistances in series) with a total power of 20 W.
We do not use a temperature higher than 400 K because the Pt100 sensor is
soldered to the connector cables using lead. The PID controller used to be
the managed by the computer software with a stability of 0.1 K with some
occasional instabilities; the independent PID controller is more stable with a
precision of 0.01 K, it provides a faster response and a smaller overshoot.
The beam leaves the nozzle part through a 0.6 mm skimmer from Beam
Dynamics to the second section where the chopper is installed. This skimmer
was installed recently, it is 2.54 cm in length, which is almost 1 cm smaller than
to original skimmer, thus some modifications had to be made in the chamber
to bring the nozzle closer to the skimmer. The second section of the source
is connected to a 3000 l/s diffusion pump which is necessary for the TOF
measurements as most of the propagating beam is blocked by the chopper.
This pumping system keeps a pressure of 10−6 mbar during the measurements.
The beam leaves this section through a 1.2 mm diaphragm to a differential
pumping stage before entering the main chamber. This stage is useful for
reducing the background pressure in the target chamber, in addition, movable
diaphragms can be introduces at this stage when more collimation of the beam
is needed. The diaphragms are1.1 and 0.5 mm holes mounted on a movable
flag inside the differential pumping stage.
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Figure 2.1: Top-view scheme of ERASMO.Red dashed line is the beam trajectory from
production to detection. The inset shows the distances involved in TOFmeasurements:
chopper (C) to target (T) to detector (D). Recreated from [114]. Some modifications
made during this work are highlighted in blue.
The chopper, indicated by a red “C” in Fig. 2.1, is a200 mm disc attached
to a motor capable of rotating at 500 Hz. The chopper has two triangular
windows used in creating short pulses of the beam as seen in Fig. 1.9. This
setup can provide pulses of a width 12 µs at a frequency of 1000 Hz. Creating
shorter pulses with one chopper is impossible due to the intrinsic energy spread
of the beam. All TOF measurements in this work were conducted using pulses
at a frequency 800 Hz; the pulse width was changed between 12 and 25 µs to
obtain the highest intensity when the energy spread of the beam is too large.
Finally, the beam enters the target chamber to impinge on the surface of
the sample. The calibrated chopper-sample distance is LCT = 606.8 mm. The
pressure in the main chamber is in the low range of 10−10 mbar, it increases
to 2 × 10−8 mbar in the presence of the He beam. A large turbo pump with a
capacity of 520 L/s is used on this chamber. After scattering from the sample
surface, the beam travels a distance of LTD = 1.6985 m through the TOF
arm before reaching the detector. The TOF arm is composed of three small
chambers separated by (3× 5 mm) slits, each chamber is equipped with a turbo
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Figure 2.2: Conceptual representation of He detector in TEAMS. Individual section
are rotated arbitrarily for better view.
pump, the exhaust of these pumps passes through one diffusion pump to reduce
to backflow of light molecules in the turbo pumps.
The detector is located in a separate chamber which is equipped with a
molecular turbo pump followed by a diffusion pump. It comprises an ioniza-
tion and extraction part, followed by acceleration and focusing parts then a
mass selection permanent magnet (250 mT) and finally a secondary electron
multiplier or most recently a channeltron.
Fig. 2.2 shows a conceptual representation of the detector. The filaments,
indicated by (1) and (2), are rectangular dispenser cathodes made of a barium
impregnated porous tungsten which is heated by a tungsten filament passing
through it. The active surface of the filament is 10 mm long in the direction
of the beam propagation and 3 mm wide (colored red). While this helps in
increasing the sensitivity, since the probability of ionizing an atom of the beam
increases with the time spent in the ionization zone, it also means that atoms
with lower energies have higher probability in being detected. Furthermore, the
registered flight time of an atom depends on the location along the ionization
zone it was ionized, this will smear out the features in the TOF spectra, and
thus the length of the ionization zone is limited by the resolution requirements
of phonon measurements.
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Rotary detector setup: TEAMS
This apparatus was donated by the Freie Universität Berlin and installed by
Pablo Nieto for his PhD thesis [115]. The apparatus is composed of two parts,
source and scattering chambers separated by a UHV valve; Fig. 2.3 shows a
schematic diagram.
The source chamber is three-staged differentially pumpedwith one diffusion
pump in each of the first two stages (5000 l/sec each) and a turbomolecular pump
(350 l/sec) in the third stage. Molecular beams are generated by supersonic
expansion through a 10 µm Pt nozzle (N) where the stagnation pressure is
typically 50 bars and the background pressure below 10−3 mbar. The nozzle
can be cooled down to 100 K using liquid nitrogen and heated up to 800 K
using a filament, the temperature is controlled using a PID controller. The
expanded beam is extracted via a skimmer of 0.5 mm (S). A rotatable disk
with different aperture diameters (0.2-4 mm) provides further collimation in
the last stage of the source chamber.
Before accessing themain chamber, the beam is modulated by amechanical
chopper rotating at 50 Hz and coupled to a lock-in amplifier to increase the
signal-to-noise ratio of the detected beam. This is important because the
detector is located in the same chamber with the sample and the background
N
SF1F2
L
Figure 2.3: Schematic presentation of TEAMS. Red dashed line is the beam trajectory
from the nozzle (N), through the skimmer (S) to the sample (orange) and the detector
which is mounted on the goniometer. F1, F2 are flags, L is the load-lock chamber.
From [115].
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increases significantly in the presence of the molecular beams.
The sample is mounted on a manipulator with 5 degrees of freedom, allow-
ing the adjustment of spatial, azimuthal and polar positions of the sample. The
sample temperature can be varied between 100 and 1700 K. The detector is a
crossbeam quadrupole mass spectrometer (Mod. Balzers QMG 511) mounted
on a two-axis goniometer inside the scattering chamber. The detector can rotate
200° in the scattering plane and ±15° in the perpendicular direction in steps
of 0.02°. The scattered beam is collimated by a 1 mm diaphragm mounted
on the detector at 55 mm from the sample providing an angular resolution of
1.04° in the diffraction spectra. The machine is equipped with two flags to be
used in sticking measurements by King and Wells method.
2.2 HAS Measurements
In textbooks, experiment always agrees with theory, in the laboratory it seldom
does. Section 1.3 provided an introduction to the kinematics and dynamics of
HAS. This section provides an insight on the experimental limitations in HAS
measurements.
2.2.1 Angular Resolution Considerations
A mathematical solution of HAS kinematics gives a spectrum with diffraction
peaks of zero widths, but the measured diffraction peaks have a finite width
that results from three factors: the beam quality, the surface quality and the
instrumental resolution.
The instrumental resolution is controlled by the geometrical design of
the scattering apparatus. Collimating the incident and scattered beams and
increasing the source-surface and surface-detector distances improves the an-
gular resolution [116, 117]. Fig. 2.4 represents the dimensions that control the
instrumental resolution which is given by
(∆θθ f )2 '
(
cos θi
cos θ f
δS
DS
)2
+
(
cos θi
cos θ f
δa
Da
)2
+
(cos θ f
cos θi
δa
Da
DS
Dd
)2
+
(
δd
Dd
)2
(2.5)
where δS, δa, δd are the widths of the skimmer, collimating diaphragm and
detector apertures, and Di are distances indicated in Fig. 2.4. In TEAMS,
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Figure 2.4: Scheme of instrumental broadening in diffraction measurements.
the first two terms have negligible contributions compared to the last two. In
ERASMO, on the other hand, the first term can be ignored and the second term
is the most important in the angular resolution. The instrumental resolution of
TEAMS is 1.3° when a 0.4 mm diaphragm is used, on the other hand, the
angular resolution of ERASMO is 0.13°.
The broadening due beam quality stems from the Bragg law, it is given by
∆Eθ f '
sin θi − sin θ f  √ (∆Ei)2E2i
cos θ f
, (2.6)
where (∆Ei)2 is the mean-square energy spread in the beam. Clearly the beam
quality affects only the diffraction peaks as it disappears for the specular peak
where θi = θ f .
The broadening due to surface quality is derived from a relation that relates
the intensity of the specularly reflected beam to the average domain size, also
known as coherence length lc [117]
I ∼ lc
(
sin 12 lc∆K
1
2 lc∆K
)2
. (2.7)
The angular broadening is equivalent the FWHM of the specular peak. The
half-height of the reflected intensity occurs when 1/2lc∆K = 1.391 and thus
we get
∆lcθ f =
5.564
lc ki cos θi
. (2.8)
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The value of ∆lcθ f decreases with increasing values of lc, i.e. with improving
quality of the surface, and finally it becomes negligible in comparison with
∆θθ f . This limit is called the instrumental transfer width and defines the
largest value of a lateral domain size that can be resolved with the measuring
instrument. Eq.(2.8) can be used to estimate the average domain size of a
surface as
lc =
2.782
∆lcθ f ki cos θi
. (2.9)
The total angular broadening in diffraction spectra is given by
∆θ2f = ∆θθ
2
f + ∆Eθ
2
f + ∆lcθ
2
f . (2.10)
From the above discussion it is clear that angular resolution can be improved
by beam collimation, but this will decrease the intensity of the beam relative to
the background in the detector region. A good example of this is was observed
in Ar diffraction from Ru(0001) where diffraction peaks appear when the beam
collimation is increased while the total intensity is decreased [86].
Decreasing the beam energy spread can be achieved by increasing the
stagnation pressure and decreasing the nozzle temperature; both are limited
with cluster creation which can clog the nozzle. Increasing the nozzle diameter
d also decreases the energy spread but this will increase the gas output as d2
and thus waste more He and increase the background pressure which might
overload the pumps. In fact, beam collimation improves the angular resolution
not only due to geometrical reasons; it also functions as energy selection
mechanism as it limits the velocity spread in the direction perpendicular to the
beam propagation.
Further improvements are obtained by increasing the volume of the ion-
ization zone in the detector and the distances between skimmer, collimating
diaphragms, sample and detector. This is mainly limited by the cost and
technical feasibility if only diffraction measurements are considered. Further
limitations arise for TOF measurements.
2.2.2 Time-of-Flight Measurement
Energy spread of a molecular beam increases with distance traveled by the
beam. Thus, resolving inelastic features in TOF spectra improves for longer
TOF arms. This is, however, limited by the intrinsic energy spread of the beam
as the widths of these features will increase with traveled distance and they
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will start overlapping. To complicate the matter, the scattered intensities in
phonon measurements are very low which requires a substantial increase in
detector sensitivity and dwell times. This is solved by increasing the length
of the ionization region, as shown in Fig. 2.2, which in turn causes another
problem as the registered flight time of the detected atomwill depend on where
along the ionization region it was ionized. This effect can be decreased when
the TOF arm length is chosen to be sufficiently long relative to the length of the
ionization region. A compromise between all these factors has to be achieved
for deciding the length of the TOF arm.
Decreasing the effect of intrinsic energy spread can be obtained by de-
creasing the chopper-surface distance. The only limitations here are technical,
since the mechanical beam chopping increases the background in the chopper
chamber, it is necessary to have a differential pumping stage that separates the
chopper and the target chambers. Furthermore, since the energy broadening
start at the nozzle, decreasing the total nozzle-target distance is what really
affects the quality of the pulse. This explains why the source chamber is
ERASMO is much smaller than that in TEAMS, since the angular resolution
is more important in the latter.
Pulses created by the mechanical chopper have a width controlled by the
width of the slit on the chopper disc and its rotation frequency. The mechanical
chopper in ERASMO has two triangular slits and can rotate at 500 Hz (see Fig.
1.9). The position of the chopper can be changed so that the beam can be
chopped at the wider base of the slit or at the narrow region near the triangle’s
head and thus, using low beam energies, a pulse width of 10 µs can be obtained,
which is equivalent to ∆Ei = 0.5 meV. Further improvement is limited with
the TOF arm length, which is related to the beam energy, and thus, at higher
beam energies the smallest possible pulse width increases and it becomes more
convenient to increase the chopping width in the chopper to increase the beam
intensity.
While decreasing the beam energy improves the pulse quality and thus
the TOF resolution, the scan curves in Fig. 1.10 showed how incident atoms
with low energies cannot excite high-energy phonons. In fact, the coupling
of the motion of impinging atoms with lattice vibrations is limited in a more
complicated way for both phonon creation and annihilation events. This is
known as the energy and momentum cutoffs which can be understood in a
classical picture in analogy to the uncertainty principle. The atom-phonon
coupling is limited by the atom’s size and the interaction time. The atomic
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size poses a lower limit on spatial resolution, or the area of interaction on the
surface, in the reciprocal space this means an upper limit of the interaction
over the surface Brillouin zone. This is the momentum cutoff. The interaction
time limits the shortest visible event, or in the frequency domain, the highest
frequency or energy visible in the interaction. This is the energy cutoff. From
this one can see the benefits of using He atoms, they are the smallest and fastest
among noble gases at thermal energies. This is also why it is necessary to
increase the He energy if phonons with high-frequency or large wavevectors
are being investigated.
Kinematic focusing was mentioned in Sec. 1.3.3. It happens when a scan
curve is tangent to a phonon dispersion curve. This results in a smearing
of single-phonon feature in TOF spectra. Furthermore, the energy spread of
the incident beam will increase this smearing; the scan curves plotted in Fig.
1.10 did not include the energy spread of the incident beam, which (when
included) would show that even for a perpendicular crossing of dispersion and
scan curves there is an unavoidable width of the single-phonon feature in TOF
spectra. The only way to decrease this width is to improve the energy spread
in the beam, at least in the direction parallel to the surface.
TOF analysis
The analysis of TOF spectra, itself, has its effects on the resolution of measured
phonon energies. The time of flight of the elastically te and inelastically ti scat-
tered particles from the chopper to the detector are measured; the distances LCT
(chopper-target) and LTD (target-detector) are known, and thus, the incident
energy of the particles Ei and final energies of inelastically scattered particles
E f are given by
Ei =
1
2
m
(
LCT
tCT
)2
=
1
2
m
(
LCD
teCT
)2
,
E f =
1
2
m
(
LTD
tiTD
)2
,
(2.11)
where LCD = LCT + LTD, m is the mass of the probe atom, and the indices
C,T , and D represent the chopper, target, and detector, respectively.
From these two equations the energy transfer ∆E that takes place in the
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interaction of He atoms with surface phonons is given by
∆E =
m
2

©­­«
LTD
tiCD + t
e
CD
(
LTD
LCD
− 1
) ª®®¬
2
−
(
LCD
teCD
)2 . (2.12)
The transformation of TOF spectra to an energy transfer scale affects spectra
shapes due to including the Jacobian in this transformation i.e. the peak
intensities will be given by
fE (E) = ft(t(E))dt(E)dE . (2.13)
Due to the length of the ionization region the probability of ionizing a
gas atom increases with the time the projectile spends in passing through the
detector, and this time is inversely proportional to the speed ormomentumof the
projectile. The importance of this effect increases for lower projectile speeds
and for increasing energy exchange when scattering from the surface because
the detector correction changes the shape of the peak which can result in a shift
in the peak’s position as well as its intensity. Therefore, a detector correction
factor has to be added to the Jacobian in Eq.(2.13) and the total conversion
function of the measured intensity in TOF spectra denoted by It(tTD) to the
intensities in the energy domain, denoted by I∆E (∆E) are given by [118]:
I∆E (∆E) =
teTD
tiTD
It(tiSD)
 dtdE tSD
=
teTD
tiTD
It(tiSD)
(tiTD)3
m(LTD)2 ;
= It(tiSD)
teTD
mv2f
;
(2.14)
The factor teTD/tiTD is the detector correction. The detector correction does not
have an appreciable effect on the widths of the peaks but rather it affects their
intensities and maximum positions. Thus it is important in the analysis of the
multi-phonon background in TOF spectra as shown in Fig. 2.5.
Since the Jacobian is a non-linear transformation, it strongly affects the
heights and widths of the phonon peaks; however, it conserves the total peak
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Figure 2.5: Effect of applying detector correction to intensity conversion Jacobian
Eq.(2.14). Two TOF spectra of Ne (66 meV) scattering from Ni(111) (420 K) present-
ing gain and loss scenarios with (red) and without (black) including detector correction
factor.
intensities. The phonon annihilation peaks become broader and lower, while
the phonon creation peaks become narrower and higher, thus the error in
phonon energy in the annihilation side is increased. Unfortunately, the noise
in the extreme creation regions is strongly amplified.
2.3 Changes to the Measurement Setup
Detailed descriptions of the experimental apparatuses ERASMO and TEAMS
can be found in the PhD dissertations of D. Barredo and P. Nieto [114, 115].
However, a few changes have been made in the course of this work, they are
listed below.
Using a channeltron in the detector
We are now using a channeltron fromDr. Sjuts instead of an electron multiplier
from Hamamatsu, the channeltron provides a higher dynamic range and a
lower dark count rate. Fig. 2.6 shows a comparison of diffraction spectra from
Gr/Ir(111) under the same experimental conditions using the old SEM and the
new channeltron. More peaks can be resolved with the latter.
50
Recent Modifications
- 1 5 - 1 0 - 5 0 5 1 0 1 5
1
1 0
1 0 0
m(3
,0)
( 0 , 0 )
Gr(
1,0)
m(2
,0) m
(1,0
)
Inte
nsit
y (a
. u.)
∆θ i  R e l a t i v e  t o  S p e c u l a r  ( d e g )
 S E M C h a n n e l t r o n
Gr(
1,0)
Figure 2.6: Improved quality of detected beam when switching to a channeltron. Data
from Gr/Ir(111) using He beam Ei = 66 meV, TS = 120 K.
Using a commercial QMS for diffraction measurements
The homemade detector used in ERASMO is prone to failure due to aging.
Fixing the detector in a few cases took several month and thus it was crucial
to implement another detector even if it had lower intensity. For this purpose
we connected the commercial quadrupole mass spectrometer (QMS) Pfeiffer
Prisma which was up till now used for a different purpose (see Fig. 2.1). This
detector is very slow for TOF measurements and its sensitivity is very low
compared to the homemade detector, however, it is convenient for diffraction
and Debye-Waller measurements. The modification made to the scattering
chamber is that the QMS was pulled out from the scattering chamber using a
straight tube extension of 35 cm, andwas separated from the scattering chamber
using circular 1 mm diaphragm. The extension tube is also connected to
separate turbo pump.
Figure 2.7 shows diffraction spectra of He scattering from Ni(111) (red)
and He and Ne scattering from Gr/Ni(111) (black and blue, respectively).
Diffraction peaks fromGr/Ni(111) are visible in these spectra, while diffraction
peaks from Ni(111) are not visible because of the low corrugation of this
surface. The source–detector angle in this setup is ΘSD = 131.15°. These
diffraction spectra exhibit a very sharp specular peak, FWHM is 0.17, 0.2 and
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Figure 2.7: Angular diffraction of He and Ne scattering from Ni(111) and Gr/Ni(111)
using a commercial detector.
0.25° of the He-Gr/Ni(111), He-Ni(111) and Ne-Gr/Ni(111), respectively.
Measuring different masses with the homemade detector
The homemade detector inERASMOis impressively sensitive to small amounts
of the studied gas to due to the large area of its ionization zone. Although this
detector was designed for the detection of He, it can be easily modified to
measure other masses by changing the magnitude of the magnetic field used in
mass selection. This was done for the first time during the work of this thesis.
Chapter 5 shows results of diffraction and TOF measurements with Ne beams
carried out using this detector.
Figure 2.8 shows diffraction spectra of H2 scattered from Gr/Ni(111) using
two incident beam energies indicated on the panel. RIDs are identified on
spectra as calculated using Eq.(1.9). Using H2 in measurements is problematic
since its intensity in the scattered beam is much lower than that in the residual
background. The inset shows smoothed TOF spectra collected using Ei =
100 meV at two angles where RIDs were observed as indicated by arrows of
the same color.
The yellow spectrumwas measured at the (0,0) peak after a transition of ro-
tational states j = 0
 2. The measured energy of transition was −42.75 meV.
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Figure 2.8: Angular diffraction of H2 scattering from Gr/Ni(111) using two different
Ei values. RID peak names are indicated. The inset shows two TOF spectra collected
using Ei = 100 meV at angles indicated with arrows of the same color.
The blue spectrum at (1¯, 0) of the j = 0 
 2 transition shows a maximum
at −37.2 meV and the peak position is shifted −0.4° from the calculated po-
sition. Although a TOF spectrum (not shown) measured at this peak position
(1¯, 0) : 02 using 82 meV gave a correct energy transition −42.19 meV. These
measurements are useful indication that the old calibration of the apparatus
parameters does not need new adjustments.
New LabVIEW Software
Almost halfway in the work of this thesis, the computer used in measurement
control and data acquisition crashed, as a result a new LabVIEW software had
to be built since the older version was built using LabVIEW 7.0 which is not
supported anymore and did not run on new PCs with MS Windows 7 or later.
This was an opportunity to build a modern measurement program that utilizes
new features in LabVIEW14.0, several bugs and limitations of the older version
were solved and new features were added, like new modules to automate the
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measurements and to perform diffuse-elastic diffraction measurements where
each point in a diffraction spectrum is a TOFmeasurement and the timewindow
is limited to the diffuse-elastic peak width. Sample heating is also automated
and a new angular encoder to read the polar angle of the sample has been
installed and connected via an arduino interface to the PC. This encoder has a
rotational resolution of 0.018°.
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Results
The experimental results of this study are divided on three chapters. The
first chapter (Chapter 3) presents elastic HAS measurements with analysis of
the surface structures of Gr/Cu(111), Gr/Ni(111) and Gr/Ir(111). Inelastic
scattering is discussed in the following chapter (Chapter 4) first a compara-
tive analysis of the Debye-Waller factor of the studied surfaces is presented
then surface acoustic-phonon measurements are discussed for each surface.
Chapter 5 addresses angle and energy resolved Ne scattering measurements
from Ni(111) followed by diffraction from Gr/Ni(111) and Gr/Ir(111). Finally,
Chapter 6 is a summary of the conclusions of the previous chapters.
Chapter 3
Surface Structure from Elastic
Scattering
The main objective of this work is to study different Graphene passivated
surfaces and how they affect the scattered He beam. The following chapters
will address the structure of three surfaces, namely Gr/Cu(111), Gr/Ni(111)
and Gr/Ir(111). The first two are model cases for weak and strong interaction,
respectively, of graphene with its metallic substrate with small or no lattice
mismatch, allowing graphene growth without an additional superstructure. It
would be useful to contrast the two systems to get an insight on how the bond
strength will affect the scattered He beam.
Gr/Ir(111), on the other hand, is of special interest since it can be compared
with Gr/Ru(0001), which was characterized by D. Maccariello in his PhD
thesis [119]. These two surfaces exhibit a moiré superstructure due to a
large lattice mismatch between Gr and the substrates. However, the nature
of Gr-interaction with Ru(0001) and Ir(111) is different, the former is an
example of strong interaction and the latter is an example of weak interaction.
Comparing Gr/Ir(111) with Gr/Cu(111) would show how two systems with
weak interaction might be different due to a lattice mismatch.
A systematic comparison of these surfaces can be useful in understanding
different aspects of the Gr-metal interface. The first section will describe
diffraction measurements of He from Gr/Cu(111) surface which is the closest
example we can find to free standing Gr. The second section will be a similar
analysis of the Gr/Ni(111) surface. And in the final section, He diffraction
measurements from Gr/Ir(111) are presented, it is a return to weak interaction
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where the moiré superstructure is the main difference from Gr/Cu(111).
3.1 Gr/Cu(111)
Graphene grown by chemical vapor deposition (CVD) has triggered interest for
its promising industrial scalability due to the weak interaction that allows roll-
to-roll transfer. However, producing mm- to cm-size samples in industrially
useful amounts remains a challenge. Graphene grown by chemical vapor
deposition (CVD) on copper foils is a potential solution, especially with the
relatively low cost of the growth catalyst [120, 121, 122].
We have tested several samples of Gr on a copper foil from Graphenea.
The samples were of very good quality when analyzed by the manufacturer
using Raman spectroscopy. However, when investigated using HAS in our
laboratory they did not produce any detectable He reflectivity. We tried then
Gr/Cu(111) samples that were prepared using a new CVD graphene method
developed by H. Yu in the group of A. Wodtke at the Max Planck Institute
for Biophysical Chemistry in Göttingen. The development in this method is
actually in the preparation of the copper catalyst which resulted in exclusively
(111) orientation, discussed below in details. Graphene grown on this catalyst
was characterized by H. K. Yu et al [123]. Domains as large as 100 µm
were obtained when characterized with polarized optical microscopy, this is
2 orders of magnitude larger than that obtained from a normal copper foil.
The charge carrier mobility of peeled-off graphene was found to be as high as
29 000 cm2 V−1 s−1 in comparison to 1500 to 10 000 cm2 V−1 s−1 for reference
graphene. These features were interpreted as a result of a higher degree of
order and reduced impurity doping in graphene prepared using the newmethod.
This sample is nicknamed super G and it will be referred to by this name in
the rest of the text to distinguish it from Gr/Cu(111)/Al2O3 which was also
prepared by the Wodtke group and is characterized in the following sections
together with super G.
3.1.1 Preparation: High Pressure CVD
Samples used in this study were prepared in Göttingen and then transported
by courier to Madrid for HAS experiments. As a result the samples were
exposed to air for several days (up to one week) before being introduced in
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Super G
Figure 3.1: Scheme of the preparation of the two Gr/Cu(111) surfaces. Adapted with
permission from [123]. ©(2014) American Chemical Society.
the UHV chamber. In the following section, a comparative study is presented
of two graphene surfaces made by CVD on two differently prepared Cu films
as shown in Fig. 3.1. In the first one, an epitaxial Cu(111) film (500 nm)
was grown on C-plane sapphire using electron beam evaporation method (0.3
nm/sec) followed by Gr growth to get Gr/Cu(111)/Al2O3. The second, super
G, was obtained by additional Cu electroplating then it was peeled-off from
the sapphire substrate, as reported in Ref. [123].
The graphene growth process was different for the two Cu samples used
here. The same growth procedure reported in Ref. [123] was used for the
super G sample used in this work. However, the temperature should be lower
than 1000 ◦C to make a flat graphene on epitaxial Cu(111)/Al2O3 samples.
Otherwise, due to Cu evaporation and migration, the surface morphology of
the Cu film was found to be too rough for HAS. Cu migration and evaporation
can be reduced at 850 ◦C, but this leads to reduction of carbon solubility as
well, resulting in small size of graphene. As a result, a compromise was
found by preparing the graphene at 850 ◦C by CVD and doing additional C2H4
annealing in UHV to get a high HAS signal. This process is explained below
in details.
A typical growth process of Gr/Cu(111)/Al2O3 is as follows: First, the
pressure in the growth chamber is pumped down to 3 Torr using a mechanical
pump; second, a 40 sccm flow of hydrogen gas is introduced into the chamber at
950 mTorr; third, the sample was heated to 850 ◦C over 50 min; fourth, 6 sccm
flow of methane gas with 20 sccm hydrogen is introduced into the chamber for
58
Gr/Cu(111)
3 min with a total pressure of 460 mTorr for graphene synthesis; after growth,
the furnace was cooled down rapidly to room temperature under a 20 sccm
flow of hydrogen.
Samples were then shipped from Göttingen to Madrid and mounted in the
scattering chamber for He diffraction after exposure to ambient conditions for
several days. Several samples were used in this study. The as-mounted samples
presented a very low He-specular reflectivity, which could be improved after
degassing the sample by heating to 540 K, presumably due to desorption of
contaminants adsorbed on the surface (Dark brown curve in Fig. 3.2). Further
heating to 650 K led to a strong decrease of the specular signal to 26% of its
initial value (red curve in the inset in Fig. 3.2). This means that the surface
quality deteriorates when heating above 650 K. Recently it has been reported
that Cu2O is formed at the Gr/Cu(111) interface during transportation under
ambient conditions and that it disappears when heating above ca. 650 K [124].
This is consistent with our observation of a pressure increase when heating the
sample to 650 K, which might be due to oxygen desorption. The significant
decrease of He specular signal indicates that the density of defects on the
graphene layer has increased through the heating process. The most likely
interpretation is that disappearance of the Cu2O layer induces etching of the
graphene layer.
This degradation of the surface quality can be avoided by a healing process
where the sample is heated in the presence of a pressure ofC2H4 until the oxygen
is completely desorbed. Fig. 3.2 shows several angular distributions of He
atoms scattered fromGr/Cu(111)/Al2O3. Little or noHAS signal was observed
from the as-mounted samples (not shown). However after degassing the sample
by a brief heating to 540 K, the dark brown curve is obtained. Subsequent
heating to 800 K with 2 × 10−7 mbar of C2H4 led to further improvement in
HAS (brown). Further heating cycles to 860 K in the absence of C2H4 led
to additional improvement of the surface quality (light brown curve). The
increased specular intensity is accompanied by the appearance of the first
order (10) and (1¯0) diffraction peaks. The position of these peaks allows us
to derive the lattice constant, a = (2.44 ± 0.02)Å, which agrees well with the
value 2.46Å, the periodicity of a single carbon layer in graphite [125, 126].
These observations show through the increase of specular reflectivity and
the appearance of graphene diffraction peaks that the heating cycles improve
the long-range order and through the increased specular intensity reduce the
defect density resulting from, for example adsorbates or domain boundaries.
59
Surface Structure
- 2 0 - 1 0 0 1 0 2 0
2
4
6
8
1 0
Inte
nsit
y (a
. u.)
∆θi  R e l a t i v e  t o  S p e c u l a r  ( d e g )
( 1 0 )( 1 0 ) x 3 5
 D e g a s s e d S h o r t  h e a l i n g P r o l o n g e d  h e a l i n gi n s e t :  ( d i f f e r e n t  s a m p l e ) O x y g e n  e c h t i n g
Figure 3.2: Graphene healing process monitored by He diffraction. (Dark brown) soft
degasification of the surface (540 K), (brown) first healing cycle with C2H4 (800 K
at 2 × 10−7 mbar), (light brown) after several healing cycles at 860 K. Inset: (differ-
ent sample) Dark brown is the same as before, red shows degradation after oxygen
desorption (650 K).
The short healing step (Fig. 3.2) can be a result of compensating the etched-
away carbon atoms during oxygen desorption by carbon atoms fromC2H4. The
prolonged healing process, on the other hand, might be due to reordering of the
copper substrate since graphene is expected to be stable at this temperature.
This healing process was needed only for Gr/Cu(111)/Al2O3 surface. Heat-
ing the super G in UHV to 650 K was not accompanied by an increase in
pressure as has been the case for Gr/Cu(111)/Al2O3 and did not decrease the
intensity of the reflected He beam. Furthermore, prolonged heating with or
without C2H4 did not have an effect on the measured diffraction patterns. Thus,
an as-mounted super G needed only one flash to 700 K to completely remove
all adsorbates on the surface to obtain maximum reflectivity from the surface.
This proves the effect that graphene has in protecting metallic surfaces from
oxidation, although this protection is disrupted by the presence of defects in
the graphene layer.
The higher thermal stability of the several µm thick copper catalyst in super
G compared to the thin (100 nm) copper film used in the epitaxial Cu/Al2O3 is
a key factor in the quality of the graphene layer.
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3.1.2 Structure: A Comparison of Two Preparation
Methods
We investigated the crystallinity of the Gr/Cu(111)/Al2O3 sample by record-
ing He-diffraction angular distributions for different azimuthal orientations -
Fig. 3.3 (left). Angular distributions were measured for different azimuthal
rotations, the inset at the right side of the panel is a diagram of the reciprocal
lattice with lines indicating by color the azimuthal orientation of the sample for
each curve. The dark brown curve (denoted 0°R) shows HAS diffraction when
the sample is oriented to the [2¯11] symmetry direction of the Cu(111) sub-
strate, as determined independently by LEED (left inset). Here, we observe the
strongest diffraction signals, denoted (10) and (1¯0). As before, the diffraction
features yield a lattice constant that unambiguously belongs to graphene. The
brown curve was obtained for a sample azimuthally rotated by 30°. It exhibits
weaker but still clear diffraction peaks that belong to graphene domains rotated
30° (denoted as 30°R). For all azimuthal orientations recorded between these
two main symmetry directions the angular distributions were similar to the
light brown curve, where only traces of diffraction peaks are seen. The LEED
image in the inset of Fig. 3.3 shows a similar diffraction pattern where intense
point correspond to the 0°R domain, less intense points correspond to the 30°R
domain and low intensity ring at the same diffraction position is visible. These
results show that two rotational domains are present for Gr/Cu(111)/Al2O3,
whereas only a single rotational domain is present for super G as seen be HAS
and LEED. super G also exhibits a much narrower specular scattering peak.
These observations give simple and valuable information about the orien-
tation domains in this sample over a 1 mm2 area. Specifically, it shows the
Gr/Cu(111)/Al2O3 sample is dominated by two orientation domains - 0°R and
30°R - which are themselves oriented with respect to the Cu(111) substrate
- that is, for the 0°R domain the [112¯0] symmetry direction of the graphene
layer is parallel to the [2¯11] direction of the Cu(111) lattice, or, the ΓM high
symmetry direction of both lattices are aligned. The relative abundance of
these two domains can also be determined (∼85% 0°R and ∼15% 30°R) since
the intensity of the first order diffraction peaks is proportional to the domain’s
population in the 1 mm2 area probed by the He beam.
Diffraction measurements of He from super G, as in the right panel in
Fig. 3.3, show basically two differences from Gr/Cu(111)/Al2O3. Firstly, He
diffraction peaks were observed only for azimuthal orientation along the ΓM
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Figure 3.3: Comparison of He atom scattering from two Gr/Cu(111) samples. (LEFT)
Gr/Cu(111)/Al2O3: Diffraction is seen mainly for two azimuthal orientations (brown
and dark brown). Between these azimuthal angles diffraction is undetectable (light
brown). Ei = 21.5 meV. The corresponding directions on the reciprocal lattice are
schematically shown in the right inset and a LEED image of this sample is shown
in the left inset. (RIGHT) super G: Diffraction is observed for a single azimuthal
orientation, diffraction spectra using different beam energies are shown, energies
indicated in legend. Specular peak width for each sample is indicated.
symmetry direction of the epitaxial Cu(111) foil (as determined by LEED),
which means that 0°R graphene rotational domains are produced exclusively
by this CVD technique. Secondly, the width of the specular peak in diffraction
spectra from super G is much smaller than in those from Gr/Cu(111)/Al2O3.
The angular width of the specular peak is related directly to the average
domain size in the surface area probed by the He beam also known as the
coherence length [117]. A Gaussian fit to the specular peaks in Fig. 3.3 gives
FWHM = 0.16° for super G and FWHM = 0.7° for Gr/Cu(111)/Al2O3. Using
Eq.(2.8) we obtain a lateral domain size lc = 390 and 89Å, respectively. This
gives approximately a domain size of 1500 nm2 and 80 nm2, respectively.
It is worth mentioning that recent studies on the effect of defects on the
tensile strength of graphene have shown that rotational domains with large-
angle boundaries are stronger andmore favorable in graphene growth compared
to low-angle boundaries as they allow a better accommodation of the heptagon-
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pentagon defects reducing the stress on the C-C bonds in the grain-boundaries
[127]. This can explain why 30°R rotational domains are more abundant than
other orientations.
3.1.3 Surface Thermal Expansion
HAS provides a method for investigating the interactions of graphene with the
copper substrate by measuring the thermal expansion of the surface. Fig. 3.4
(left) shows angular diffraction spectra of He from Gr/Cu(111)/Al2O3 at dif-
ferent sample temperatures from 100 to 500 K.
The sample temperature was stabilized for each measurement within ±2 K.
The diffraction peaks of graphene were detected only up to 500 K, due to the
strong attenuation caused by the Debye-Waller effect. The dependence of the
diffraction angles on the lattice constant given by Bragg condition yields that
a change in the lattice constant from 2.440Å to 2.445Å should produce a
change in the diffraction angle from 24.80° to 24.75°, which should be clearly
detectable with our setup. The derived graphene lattice constants are plotted
in Fig. 3.4 (right) over this temperature range, together with the calculated
temperature dependent lattice constant of Cu(111) [128]. Within experimental
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Figure 3.4: (a) Temperature dependence of diffraction from Gr/Cu(111)/Al2O3 (Ei =
18 meV). The graphene lattice constant derived from this data is plotted in panel (b)
together with the expected variation of the Cu lattice constant in the same temperature
range.
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error (0.005Å), the derived graphene lattice constants are temperature indepen-
dent, a result that is in quantitative agreementwith calculations for free standing
graphene [129]. The observation of a temperature independent graphene lattice
constant in contact with a thermally expanding copper substrate is an evidence
of the weak interactions between copper and graphene.
3.2 Gr/Ni(111)
Gr/Ni(111) is an especially interesting system due to the strong Gr-Ni inter-
action and the small lattice mismatch between Gr and Ni(111). These two
factors result in an epitaxial (1 × 1) graphene layer with a single well-defined
rotational orientation. Although, using elevated preparation temperatures can
result in multiple rotations [130]. The strong interaction of Gr with Ni results
in opening a band gap in the electronic structure and modifies the phonon
dispersion which suppresses the graphene Raman signal [63].
3.2.1 Preparation: Low Temperature CVD
The Ni(111) simple crystal used in this study is a disk with a diameter of 8 mm
and a thickness of 2 mm. The crystal was mounted on a sample holder which
can be heated by electronic bombardment or cooled to 100 K using liquid
nitrogen. Sample temperature was measured with a K-type thermocouple spot
welded to the sample edge.
Clean Ni(111) surface is prepared in UHV by repeated cycles of ion sput-
tering (1.5 KeV PAr ' 1 × 10−5 mbar) and flash-annealing at ca 1400 K.
Graphene is prepared after the final annealing, where the sample is cooled
down to 750 K and maintained there during exposure to C2H4 at a pressure
PC2H4 = 5 × 10−7 mbar for 20 minutes. The inertness of the Gr/Ni(111) sur-
face was checked by monitoring the specular He–intensity while exposing
the sample to oxygen. Furthermore, graphene-passivated samples exhibited
a constant He–reflectivity, even one week in UHV after sample preparation.
Fig. 3.5 shows a comparison ofHe reflectivity ofNi(111) (blue) andGr/Ni(111)
(black) after introducing water at a pressure 4 × 10−7 mbar whit the samples
at room temperature. Due to its high scattering cross-section from defects on
the surface, the He intensity drops quickly from water adsorbed on the Ni(111)
surface, while it remains constant for Gr/Ni(111).
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Figure 3.5: Effect of water exposure (4 × 10−7 mbar) on He reflectivity from Ni(111)
(blue) and Gr/Ni(111) (black) with samples at room temperature.
3.2.2 Structure: Epitaxial Graphene
Figure 3.6 shows a comparison of HeAngular Distributions from cleanNi(111)
and Gr/Ni(111) samples, measured at the same incident beam energy Ei =
66 meV along the ΓM direction. Sharp diffraction peaks and high specular
intensity are indications of the existence of a well-ordered Ni(111) surface
and the excellent quality of the graphene monolayer. First order (1¯0) and (10)
diffraction peaks are clearly visible for both surfaces; their appearance at the
same angular position for both systems confirms the formation of a (1 × 1)
graphene layer. These peaks are one order of magnitude more intense in the
case of Gr/Ni(111), indicating a higher surface corrugation. The relative-
to-specular intensity of the first order diffraction peaks I01/I00 is 1.4% for
Gr/Ni(111) and 0.02% for bare Ni(111). Fitting these values using eikonal
approximation gives the corrugation values 0.07Å and 0.009Å for Gr/Ni(111)
and Ni(111), respectively. These corrugations agree well with the recently
published 0.06Å and 0.005Å for Gr/Ni(111) and Ni(111), respectively [131].
The measured surface corrugation by HAS follows a surface of constant total
electron density at the classical turning point of the He atoms [5] which, in
turn, is a function of the He kinetic energy [132]. In other words, He atoms
with higher energies can take a closer look at the surface where the charge
density is more corrugated. The degree to which such an effect can take place
depends on the stiffness of the repulsive part of the He-surface potential. A
very stiff potential (hard wall) will repel the He atoms with different energies
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Figure 3.6: Angular distribution of He scattering fromNi(111) (black) and Gr/Ni(111)
(blue) along the ΓM direction. The inset shows the residual of a Gaussian fit of the
Ni(111) spectrum (black) compared with two form factors 1/∆K2 and 1/∆K3 (solid
and dashed magenta, respectively). Ei = 66 meV,TS = 100 K.
at the same distance from the surface, while for a soft potential a He atom with
high energy can approach the surface closer than an atom with low energy.
This can explain the slightly smaller corrugation values obtained using a He
beam with energy 8 meV in Ref. [131] compared to our data using 66 meV.
The angular position of the diffraction peaks corresponds to a lattice con-
stant a = (2.48 ± 0.02)Å forGr/Ni(111). Thismeans that graphene is stretched
by ca. 1.6% compared to the value (2.44 ± 0.02)Å obtained also by HAS for
Gr/Cu(111) [73] and by 0.8% compared to the periodicity of a single carbon
layer in graphite measured by X-ray diffraction 2.46Å [125, 35]. The specular
reflectivity of Gr/Ni(111) compared to the intensity of the directly measured
incident He-beam is I/I0 = 20% at TS = 100 K, Ei = 28 meV and θi = 60°,
whereas, at the same conditions, the bare Ni(111) reflectivity is 40%.
A quite remarkable result from the comparison of the spectra in Fig. 3.6 is
the observation of a sharper specular peak for the graphene-covered substrate.
By performing Gaussian fits to the specular peaks, we obtained peak widths
FWHM = 0.13° for Ni(111) and FWHM = 0.08° for Gr/Ni(111). The latter is
actually below to the angular resolution of the instrument, since the diffraction
pattern is obtained while rotating the sample in steps of 0.04°. This low angular
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Figure 3.7: Angular distributions of He scattering from Gr/Ni(111) for different beam
energies and surface temperatures.
width of the specular peak is a result of the extremely high surface quality of
the sample where the graphene sheet softens the step edges of the substrate.
The reduced FWHM value obtained for Gr/Ni(111) can be further understood
by investigating the different shapes of the background measured from the
two samples. The form of the background is determined by inelastic single-
and multi-phonon scattering as well as diffuse elastic scattering by defects on
the surface. If the diffuse elastic contribution is due to point defects we would
expect to see a decay consistent with a 1/∆K3 envelope, as opposed to a 1/∆K2
envelope expected for step edges normal to the sagittal scattering plane [88].
The inset in Fig. 3.6 shows the residual of a Gaussian fit of Ni(111)
specular peak (in black) and two form factors (in magenta), solid and dashed
curves corresponding to 1/∆K2 and 1/∆K3, respectively. The 1/∆K2 curve
gives a better fit of the fit residual, indicating the importance of scattering
from step edges in the broadening of the specular peak. On the other hand,
the background of Gr/Ni(111) does not fit any of these forms but rather has
a shifted Gaussian shape, which is well explained by inelastic multi-phonon
scattering. To better illustrate this effect, we compare in Fig. 3.7 different
angular diffraction spectra fromGr/Ni(111) measured at different experimental
conditions (Ei and TS). When helium atoms with a high incident energy (“hot
particles”) hit a “cold surface” as in the magenta spectrum, they lose energy on
average and thus the background is higher on the energy loss side which is the
67
Surface Structure
- 3 - 2 - 1 0 1 2 3
0 . 1
1
1 0
1 0 0
N i ( 1 , 0 ) (    , 0 )
 p ( 2 x 2 ) O / N i ( 1 1 1 ) N i ( 1 1 1 )
Inte
nsit
y (a
. u.
)
∆Κ ( Å - 1 )
( 1 , 0 )
 1  2
Figure 3.8: He diffraction spectra from (120 K) Ni(111) and p(2 × 2)O/Ni(111) with
Ei = 34 and 22 meV, respectively, show that relaxation of Ni(111) surface due to
oxidation.
phonon creation direction (∆K = ki(sin(θ f ) − sin(θi)) > 0). Contrarily, when
cold particles hit a hot surface (blue spectrum) they gain energy on average and
the background is shifted to ∆K < 0. Otherwise, cold particles hitting a cold
surface and hot particles hitting a hot surface (black and red spectra) lose and
gain energy with similar probabilities and the background is more symmetric
relative to the specular peak [133, 98]. This also can be noticed in the small
asymmetry of the background of the clean Ni(111) spectrum shown in Fig.
3.6.
In conclusion, the graphene layer on Ni(111) reduces elastic scattering
from step edges, while the lower surface mass results in increasing the inelastic
scattering through the Debye-Waller factor.
Earlier studies using high-energyHe+-ion scattering [134] reported a 0.15Å
expansion of the first layer of Ni(111) due to oxidation. Later, near-edge X-
ray-absorption studies confirmed this value [135] while LEED measurements
obtained a much lower value (< 0.07Å) [136, 137]. HAS measurements
(Fig. 3.8) point to a larger value of the Ni(111) surface expansion. The
diffraction peak of the Ni(111) spectrum (blue) at 2.915Å−1 corresponds to
a periodicity 2.49Å as expected for Ni(111) surface. Two diffraction peaks
are detected in the p(2 × 2)O/Ni(111) spectrum (magenta) at 1.28Å−1 and
2.56Å−1. These are the 1st and 2nd order diffraction peaks from a periodicity
5.68Å,which is an expansion of 0.35Å (14%) over the original Ni(111) surface
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Figure 3.9: (Left) Angular diffraction from Gr/Ni(111) with three different azimuthal
angles indicated in the legend. (right) Top and side view of real and reciprocal lattice
structure of Gr/Ni(111). Red and yellow circles correspond to the inequivalent carbon
atoms of the two sublattices. The equal unit cell of Gr and Ni(111) is lined in orange.
The reciprocal lattice of the surface is shown on the right with lattice notations.
Colored lines indicate the direction of the diffraction spectra. Black and blue spectra
are taken along ΓM direction by rotating the sample 60° and magenta is along ΓK
direction. Parts of the spectra showing the diffraction peaks are amplified 50 times for
ΓM spectra and 100 times for ΓK spectrum.
periodicity. The intensities of the peaks also indicate a small corrugation, this
might be a result of low coverage, as earlier reports indicated a coverage of
1
4 layer for p(2 × 2)O/Ni(111) [134]. The faster decay of the background
on p(2 × 2)O/Ni(111) compared to Ni(111) indicates the importance of point
defects, like oxygen vacancies, rather than edge defects.
Graphene grows on Ni(111) epitaxially creating a (1 × 1) structure [138].
According to several experimental and theoretical works [63], the preferred
arrangement of the graphene layer is when one C atom sits on top of a Ni
atom, and a second C atom occupies a three-fold fcc hollow site. These two
inequivalent C atoms have a different distance from the 1st Ni-layer ∆d =
0.05Å [138]. DFT calculations for the Gr-Ni(111) bonding showed that there
is an electron transfer of∼ 0.14 electrons per unit cell fromNi(111) to graphene
and that only the C atoms located directly above surface Ni atoms accumulate
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electrons [139]. This indicates that the two C atoms in the graphene unit
cell are not only topologically inequivalent, they also have different electronic
densities in their vicinities.
Although the fcc(111) surface and graphene both have six–fold symmetry,
the different positioning and interaction of the C atoms with the Ni atoms
results in a triangular rather than hexagonal surface and the overall symmetry
is reduced from C6 to C3 [140]. However, in principle it is not clear if this
small asymmetry could be detected by HAS, as the He atoms are scattered by
the surface electrons where their density is of the order of 10−4 a.u. about 3Å
far from the topmost ion cores [5].
Fig. 3.9 shows diffraction measurements from Gr/Ni(111) with different
azimuthal orientations of the sample. Azimuthal orientation of the sample for
each diffraction spectrum is indicated by lines of the same color in the inset
which shows a scheme of the lattice in reciprocal space, names of the diffraction
points are indicated. Three lines corresponding to two nonequivalent ΓM
directions (black and blue) and one ΓK direction. The different intensities
observed for the first order diffraction peaks in each spectrum prove that, even
at the low densities sampled by He atoms, the Gr/Ni(111) surface exhibits a
three–fold symmetry. This asymmetry in the measurements is not a result of
bad azimuthal alignment of the Ni(111) crystal, as could sometime be the case.
In fact, for each spectrum shown in Fig. 3.9 the azimuthal orientation has been
adjusted to maximize the diffraction peak with the lowest intensity even though
this resulted in lowering the intensity of the other diffraction peak. Finally,
the second order diffraction peaks (1¯1) and (11¯) are detected in the magenta
spectrum in Fig. 3.9 measured along ΓK, this confirms the larger corrugation
of Gr/Ni(111) as compared to clean Ni(111) as well as the good quality of its
long range crystalline order.
In conclusion: one cannot just dismiss the asymmetry of diffraction peaks
as a result of incorrect azimuthal adjustment. In the case of Gr/Ni(111) this
asymmetry is real and reveals the existence of 3-fold surface symmetry (instead
of 6-fold), this symmetry is important inmodeling the surface in close-coupling
calculations for example.
3.2.3 Thermal Expansion: Substrate Effect
Figure 3.10 shows diffraction spectra of He from Gr/Ni(111) with beam energy
21.5 meV and increasing surface temperatures from 150 to 650 K. The chang-
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Figure 3.10: Thermal expansion of Gr/Ni(111). (left) Diffraction spectra and (right)
measured change in surface periodicity of Gr/Ni(111) compared to bulk nickel [141]
ing position of the diffraction peaks indicate a change in surface periodicity.
The intensities of diffraction peaks of the Ni(111) surface are too low and
disappear quickly with sample heating as expected from Debye-Waller model,
thus it was not possible to compare with HAS measurements from this surface,
other experimental measurements or theoretical calculations of the expansion
of Ni(111) surface were not available, therefore, we compared our data to bulk
nickel from [141].
Our measurements of the thermal expansion of Gr/Cu(111) showed no
surface expansion in this range of temperatures (see Fig. 3.4). We can assume
from the data in Fig. 3.10 that the graphene layer expands with the expansion
of the Ni(111) surface, as expected from the strong Gr-Ni interaction.
3.2.4 Structure Modification by Point Defects
Graphene is expected to play important diverse roles in modern electronics,
among which it will be useful in protecting metal surfaces from oxidation
and corrosion [63, 142, 143, 144]. However, several studies have shown that
defects are reactive sites in the graphene layer [61, 145, 146]. Defects also
affect the mechanical properties of graphene such as its stiffness and thermal
and electrical conductivity [54, 56, 127, 147, 148]. Controlled defect creation
in graphene can be achieved by Ar+ sputtering [147, 149]. Recent theoretical
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Figure 3.11: (left) Angular diffractions of He scattered from Gr/Ni(111) surface as
prepared (start) and after consequent cycles of Ar+ sputtering and annealing at 600 K.
(right) Change in lattice constant as a result of defect creation (black dots), gray area
envelopes the estimated error in reading the position of the diffraction peaks. Dotted
gray lines indicate the density of defects as a percentage of one Gr monolayer.
studies have shown that increasing defect concentration in graphene causes
the graphene layer to expand which caused a free standing layer to create
out-of-plane wrinkles [148] or buckle due to compressive lateral stress [150].
No studies were made on supported or epitaxial graphene and experimental
evidence of this effect is not available.
We have introduced defects on the Gr/Ni(111) surface by several (con-
sequent) cycles of Ar+ sputtering (PAr = 9 × 10−6 mbar, E = 120 eV) and
annealing for 2 minutes at 600 K. Fig.3.11 shows diffraction measurements
of Gr/Ni(111) before and after introducing point defects in the graphene layer,
total sputtering times are indicated in the legend. As expected, the intensity
of the specular and diffraction peaks decreased dramatically (by almost 80%)
after 7 minutes of sputtering and the diffraction peaks became undetectable.
The density of defects can be estimated according to Ref. [147] from
the current of Ar+ which yields the rate of ionic bombardment on the total
surface of sample and holder. The total surface of Ni(111) sample and its
holder is (4×3−0.5 = 11.5 cm2), and sputtering current was 7 × 10−7 A. This
gives an ion flux 3.8 × 1011 s−1 cm−2. The density of atoms in a Gr surface
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(3.82 × 1015 cm−2) can be derived from the lattice constant which also gives a
ρ2D = 7.6 × 10−8 g cm−2. Assuming that each argon ion removes one carbon
atom upon impact, the density of defects can be related directly to the sputtering
time.
The width of the specular peak is not affected by point defects since it is
mainly affected by the average domain size which did not change with point
defects. What is surprising in the angular diffraction measurements in the
left panel of Fig. 3.11 is the inward drift in the position of the diffraction
peaks which corresponds an increase in the surface lattice constant as shown
in the right panel. We can clearly see that a defect concentration of only
4 × 1013 cm−1 (1% ML) causes the graphene layer to expand by 1%. This can
be understood as a relaxation of the graphene layer where the defects allow it
to better accommodate the lattice of Ni(111).
3.3 Gr/Ir(111)
Graphene lattice is incommensurate with that of Ir(111) due to the large lattice
constant difference: 2.45 and 2.715Å, respectively. Therefore, a moiré super-
structure appears on the surface with a periodicity of 25.2Å and a corrugation
of ∼ 0.3Å as measured by STM [151, 152]. The electronic pi-band of Gr
remains almost intact, it shows a small gap at the Dirac point (<200 meV).
Furthermore, the Dirac crossing is shifted 100 meV above the Fermi level,
which means that Gr/Ir(111) is slightly p-doped by the substrate [153]. An
ARPES study on rotational domains of Gr/Ir(111) showed that 30°R domains
are physisorbed while 0°R are chemisorbed on the Ir(111) substrate, as a result,
0°R domains do not give a Raman signal which in contrast can be detected
from 30°R domains [154].
3.3.1 Preparation: Need for High Temperature
The Ir(111) single crystal used in the study is a disk with a diameter of 10 mm
and a thickness of 2 mm. Clean Ir(111) surface was prepared in UHV by
repeated cycles of ion sputtering (1.5 keV, PAr ' 1 × 10−5 mbar) and flash-
annealing at ca. 1600 K until sharp diffraction peaks were observed by LEED
and HAS (see Fig. 3.12). The azimuthal alignment of the sample has been
optimized using a p(2 × 2)O/Ir(111) layer prepared by exposing the surface to
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Figure 3.12: LEED diffraction patterns from Ir(111) (left), p(2× 2)O/Ir(111) (middle)
and Gr/Ir(111) (right). Different electron beam energies used are indicated, the inset
in the bottom-right angle is a close up to the (0,0) peak and its surrounding satellites.
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Figure 3.13: (Left) In-plane and out-of-plane diffraction of He at Ei = 66 meV and
θi = 50° from p(2× 2)O/Ir(111) measured using TEAMS. (Right) In-plane diffraction
of He (using ERASMO) at Ei = 20.5 meV from two p(2 × 2)O/Ir(111) surfaces
prepared by annealing in O2 for different times indicated in the legend.
2 × 10−7 mbar of oxygen and heating it to 1100 K for 5 minutes [155]. Surface
oxide is useful in adjusting the azimuthal orientation of a surface since it gives
intense helium diffraction peaks due to its high corrugation.
The left panel in Fig. 3.13 shows a 2D diffraction pattern of He scattering
from p(2 × 2)O/Ir(111) surface with θi = 50° and Ei = 66 meV. A classical
rainbow behavior can be seen from the intensities of the diffraction peaks due
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Figure 3.14: LEED and angular diffraction of He from Gr/Ir(111) with multiple
rotational domains 0°R (orange) and 30°R (green). Ei = 28 meV and θi = 50.5°.
Names of diffraction peaks are indicated. Scan direction is indicated by the green line
in the inset which shows a scheme of the reciprocal space of Gr/Ir(111) with multiple
rotational domains.
to the high corrugation of the surface. The diffraction pattern is composed of
37 horizontal scan lines with steps of ∆φ f = 0.3°. No scans were made with
φ f values where diffraction peaks are not expected.
Fig. 3.13 (right) shows a comparison of diffraction spectra from two
surfaces of p(2 × 2)O/Ir(111) prepared at the same conditions of temperature
and pressure but for different times of preparation (green and yellow), and a
diffraction spectrum from clean Ir(111) (red). The position of the first order
diffraction peak of Ir(111) coincides with the second peak of p(2×2)O/Ir(111).
This confirms the (2 × 2) structure and therefore the peak in p(2 × 2)O/Ir(111)
spectra are named as indicated in the figure (12 ,0) and (1,0). The preparation of
p(2 × 2)O/Ir(111) requires annealing in O2 for 5 minutes as discussed before,
this gives the observed rainbow in the left panel and the yellow spectrum in Fig.
3.13 (right). Using lower exposure times results in a less corrugated surface
and the (12 ,0) diffraction peak has higher intensity compared to the (1,0) peak.
The graphene overlayer is prepared by annealing the Ir(111) to 1650 K
then exposing it to C2H4 at 4 × 10−7 mbar for 5 minutes. Inspecting the
surface with LEED showed no traces of rotational domains, which has been
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the case when the sample was prepared at 1500 K for example as can be seen
in Fig. 3.14. A 30°R domain appears also if the sample cooling was slow.
This rotational domain gives a diffraction peak corresponding to the lattice
constant of graphene a = (2.45 ± 0.02)Å indicated Gr(1¯, 0) in Fig. 3.14. The
scan direction of this measurement corresponds to the ΓM direction of the
30°R Gr/Ir(111) and the ΓK direction of the 0°R Gr/Ir(111) and the moiré
superstructure as indicated by the green line in the inset in Fig. 3.14 which
represents the reciprocal space of this surface as also has been confirmed by
LEED. The visible diffraction peaks near the specular peak correspond to the
second order diffraction peaks of moiré. Note that no moiré superstructure
appears for the 30°R Gr domain.
3.3.2 Structure: Moiré Superstructure
The ability to measure the intensity of the He beam before and after scattering
from a surface using the same detector allows us to obtain the absolute value
without the need to worry about the detection probability of the projectile or
changes in the efficiency of the detector. Ir(111) reflectivity is determined by
this type of measurement I/I0 = 31.5% when surface temperature TS = 80 K,
beam energy Ei = 65 meV and angle of incidence θi = 37.5°, where I0 is
the intensity of the direct beam. This high reflectivity is mainly an effect of
the high effective mass of the surface atoms. At the same beam energy the
reflectivity of Gr/Ir(111) I/I0 = 7(18)% when θi = 53(67)°, following the
Debye-Waller model (i.e. I ∝ I0 exp(− cos2 θi)).
Figure 3.15 shows a comparison between the angular distributions of He
scattering from Ir(111) (red) and Gr/Ir(111) (green) taken with similar beam
energies, 21.3 meV and 17.7 meV, respectively. Plotting the data in ∆K instead
of ∆θi permits us to compare the diffraction patterns directly. The angular
position of the Ir(1,0) peak matches that of an intense diffraction peak in the
Gr/Ir(111) curve. Thus, in the rest of this manuscript this peak in the Gr/Ir(111)
diffraction spectra will be referred to as Ir(1,0).
The diffraction pattern of He scattering from Gr/Ir(111) exhibits several
peaks as a result of the moiré structure. It is helpful to compare it with the
diffraction pattern of He scattering fromGr/Ru(0001) [71] (black curve in inset
in Fig. 3.15) since these surfaces share many aspects. The reciprocal lattice
vector of a moiré pattern kmoire´ of Gr on a metal is given by the difference
between the reciprocal lattice vectors kGr and kMt of Gr and the metal surface,
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Figure 3.15: Angular distribution of He scattering from Gr/Ir(111) (dark green) and
bare Ir(111) (red). Ei = 17.7 and 21.3 meV, respectively. Names of significant
diffraction peaks are indicated. Inset: Diffraction from Gr/Ru(0001) (black) and
Ru(0001) (gray) [71].
respectively
kmoire´ = kGr − kMt . (3.1)
This means that the angular position of the first order diffraction peak of moiré
m(1,0) is equal to the difference between the angular positions of Gr(1,0) and
Ir(1,0) (or Ru(1,0)), and this is true for the diffraction spectra in Fig. 3.15. Ad-
ditionally, for commensurate Gr/Ru(0001) certain high order diffraction peaks
of moiré will match in position the first diffraction peaks of Gr and Ru(0001).
As can be seen in the inset in Fig. 3.15 where the angular positions of m(11,0)
and m(12,0) peaks match the positions of Ru(1,0) and Gr(1,0), respectively.
This means that 11(12) ruthenium (graphene) lattices are contained in 1 moiré
lattice, and thus every 12 Gr lattices fit on 11 Ru lattices.
This simple relation of the diffraction peak does not apply to the incommen-
surate Gr/Ir(111). The angular position of m(1,0) is equivalent to the difference
in angular positions of Gr(1,0) and Ir(1,0). However, no higher order of moiré
diffraction peaks matches in position the first order diffraction peaks of either
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Figure 3.16: Angular distributions of He beam at different incident energies indicated
in the legend scattered from a Gr/Ir(111) surface. The arrows indicate the Gr(1,0)
peaks.
Gr or Ir. It was not clear from the He diffraction from Gr/Ru(0001) whether
the moiré satellites around Gr(1,0) are high order diffraction peaks (10, 11, 12
and 13) that originate from the specular peak (0,0) (as in classical rainbow)
or if they originate from Gr(1,0) and thus a different notation should be used.
He diffraction from the incommensurate Gr/Ir(111) shows clearly that these
satellites originate from Gr(1,0).
Decreasing the He beam energy increases the angular resolution of the
diffraction measurement as it increases the separation of the diffraction peaks
and reduces the inelastic scattering that appears as a broad Gaussian back-
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ground. Spectra in Fig. 3.16 were taken with beam energies from 66.8 to
18.3 meV. Black arrows follow the drift of the Gr(1,0) peak which corre-
sponds to a lattice constant aGr = (2.45 ± 0.01)Å, in very good agreement
with STM and LEED measurements [152]. Ir(1,0) peak gives a period-
icity aIr = (2.708 ± 0.006)Å and from m(1,0) peak the moiré periodicity
is am = (25.89 ± 0.31)Å. Using Eq.(3.1) we obtain a moiré periodicity
(26.04 ± 1.50)Å, in very good agreement with previous work [152].
The intensities of the moiré diffraction peaks in Fig. 3.16 are higher in
backward scattering (∆K < 0) than in forward scattering, while the opposite is
true for Gr(1,0) and its satellites. Ir(1,0) in the red spectrumwith 66.8 meVwas
not detected for ∆θi > 0 due to the increase of inelastic background in energy
loss direction relative to the energy gain direction as has been explained earlier
in Section 3.2.2. Mapping the in-plane and out-of-planemoiré diffraction peaks
as seen in Fig. 3.17 yields a 3-fold symmetry rather than the expected 6-fold
from the hexagonal structure of the moiré ripples, the same 3-fold symmetry
was reported by LEED [156].
The angular diffraction pattern in Fig. 3.17 was measured using TEAMS
with fixed θi and a rotary detector. The sample was rotated so that the ΓK
symmetry direction of the graphene lattice is parallel to the sagittal plane.
The map is created from horizontal scan lines, where each line was obtained
by moving the detector to the vertical position where diffraction peaks are
expected to appear. Thus each map in Fig. 3.17 is composed of 1 in-plane
and 6 out-of-plane scan lines. Beam energy was Ei = 25.4 meV for both maps
taken at θi = 46° (left) and 56° (right).
White circles in Fig. 3.17 are calculated positions of the diffraction peaks
according to Eq.(1.6), error bars which are contained inside the circles indicate
the error in angular position due to the forward and backward movement of
the detector. Calculated values of φ f agree with the measurement within 0.2°,
the measured values of θ f show quantitative and qualitative divergence from
the calculated values. According to Eq.(1.6), the values of θ f increase with
increasing φ f , so the white circles in Fig. 3.17 follow an arc curved to the
right, however, the measured values of θ f follow an arc curved to the left.
The kinematics of diffraction in Eq.(1.6) were developed for flat surfaces. The
effect of a wavy surface like Gr/Ir(111) on the kinematics of HASmight explain
this observation.
79
Surface Structure
3 9 4 4 4 9 5 4- 4
- 2
0
2
4
φ (d
eg)
θ f  ( d e g )
1
4 5
Inte
nsit
y
θ i = 4 6 º
4 9 5 4 5 9 6 4
- 4
- 2
0
2
4
K ´
θ f  ( d e g )
θ i = 5 6 º
K
Figure 3.17: In- and out-of-plane diffraction pattern of He beam at Ei = 25.4 meV
scattered fromGr/Ir(111). ΓK is parallel the sagittal plane. Dashed hexagon is a rough
drawing of the first Brillioun zone of the moiré superstructure. White empty circles
are calculated positions of the moiré diffraction peaks.
Surface Corrugation
The intensities of diffraction peaks yield information on the corrugation of the
surface, due to the presence of the moiré superstructure in Gr/Ir(111) we can
obtain the values of two different corrugations, the first is on the atomic level of
the carbon atoms in the graphene layer and the second is of the larger periodicity
of the moiré ripples. Fig 3.18 shows a comparison between the diffraction
patterns of scattered He from Gr/Ir(111) and Gr/Ru(0001). The golden curves
are the measured data while green and red curves are multi-peak Gaussian
fits. To facilitate the description of the figure, we use the names m(1,0) and
m(2,0) for the first and second order diffraction peaks of the moiré periodicity,
Gr(1,0) is the diffraction peak corresponding to the graphene periodicity and
Mt(1,0) is the diffraction peak corresponding to the metal’s periodicity. Panel
(c) is a histogram of the intensities of these peaks normalized to the intensity
of the specular peak in each diffraction spectrum. The Gr diffraction peaks
have almost the same intensity in both surfaces, this means that the atomic
corrugation of the graphene layer is similar on both surfaces.
The corrugation of the moiré pattern on Gr/Ru(0001) was investigated
using several techniques. HAS with close-coupling calculations gave a value
of 0.15Å, while STM measurements gave a value varying from 1.1 to 0.5Å
depending on the tunneling bias. Analysis of XRD data gave a value of 0.85Å
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Figure 3.18: (a and b) Angular distribution of He scattering from Gr/Ir(111) and
Gr/Ru(0001) with Ei = 18.3 and 15.5 meV, respectively. Golden spectra are measured
data, green and red are multi-peak Gaussian fits. (c) Intensities of selected diffraction
peaks normalized to the intensity of the specular peak for each spectrum.
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Table 3.1: Normalized intensities andwidths (in deg) of diffraction peaks of Gr/Ir(111)
and Gr/Ru(0001) from spectra in Fig. 3.18. (Specular peak widths are 0.2 and 0.28°,
respectively).
Peak I/I(0,0) (%) W −W(0,0) (deg)
Name Gr/Ru Gr/Ir Gr/Ru Gr/Ir
Gr(1¯, 0) 0.81 0.80 0.10 0.03
Mt(1¯, 0) 0.24 0.35 0.05 0.00
m(1¯, 0) 3.07 19.56 0.07 0.01
m(1,0) 2.64 11.05 0.07 -0.01
Mt(1,0) 0.56 0.86 0.06 0.01
Gr(1,0) 0.91 0.96 0.10 0.05
[157]. While the corrugation of moiré pattern in Gr/Ir(111) is ∼ 0.3Å as
measured by STM [151, 152]. Clearly STM measurements indicate that the
moiré pattern corrugation of Gr/Ru(0001) is at least twice as large as that
of Gr/Ir(111). HAS measurements give the opposite result; the intensities
of the moiré peaks in Fig. 3.18 indicate that Gr/Ir(111) has a much larger
corrugations. Close-coupling calculations require a long time to be done,
they have not been used in this thesis, however, judging from experience we
can estimate that the calculations would give a value of the corrugation of
the moiré superstructure in Gr/Ir(111) similar to that measured by STM. The
reason why HAS measurements on Gr/Ru(0001) gave such a low value require
more investigation, we present a hypothesis based onDebye-Waller and phonon
measurements in Section 4.4.
Finally, we note how the widths of Gr peaks is significantly different be-
tween the two Gr/metal systems (see Table 3.1). The widths of the specular
peaks are 0.2° and 0.28° for Gr/Ru(0001) and Gr/Ir(111), respectively, which
means that the average lateral domain size is larger in the former. On the
other hand, the widths of Gr peaks are 0.44° and 0.33°, respectively. DFT
calculations indicated the presence of two regions characterizing the structure
of Gr/Ru(0001) [71] where the C-C bonds are stretched in order to adjust as
much as possible to ruthenium periodicity in the strongly interacting region
while they are not distorted in the highest regions. We do not observe this
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effect in Gr/Ir(111) and the widths of the diffraction peaks are mainly limited
by the domain size.
3.3.3 Surface Thermal Expansion: Complications of Moiré
Superstructure
Increasing the temperature of Gr/Ir(111) results in an abrupt change of peak
positions as shown in Fig. 3.19, where only the first order diffraction peaks
are indicated, namely m(1¯,0), Gr(1¯,0) and Ir(1¯,0). The derived changes in
periodicities are plotted on the right panel as a relative change ∆a/a. The data
is separated in two groups, full upward triangles and solid lines are from (1¯, 0)
peaks whereas half-full downward-pointing triangles and dashed lines are from
the (1,0) peaks. The solid gray line is from the thermal expansion of iridium
[158].
The periodicities obtained using (1¯, 0) peaks are straightforward to un-
derstand, the surface lattice of Gr/Ir(111) expands with increasing surface
temperature on a rate slightly higher than that of bulk Ir, the corresponding
moiré periodicity decreases as expected from Eq.(3.1) (red symbols in Fig.
3.19). This result agrees with an XPS study which showed that the overlayer
in Gr/Ir(111) expands with its substrate [159]. LEED measurements showed
that moiré periodicity remains constant between 300 and 600 K then decreases
monotonically [156], which agrees qualitatively with the results presented in
Fig. 3.19.
The periodicities obtained using only Gr(1¯, 0) and Ir(1¯, 0) diffraction peaks
(orange and green upward-pointing triangles) show a monotonic increase,
slightly higher than that of bulk iridium [158]. On the other hand, it can be
seen that the position of the Gr(1,0) and Ir(1,0) peaks moves slightly outward
(expansion) then jumps inward (contraction). The right panel shows that after
this jump at 200 K the periodicity remains practically constant. Since the
angular positions of these peaks are very far from the specular position, they
can be very sensitive to the azimuthal orientation of the sample. And the
behavior of these peaks appears to be a result of azimuthal rotation more than
lateral expansion. To clarify, it is not the sample that appears to have rotated,
but rather a phase change on the surface might have caused the graphene layer
to rotate and accommodate the new misfit of lattice constant between Gr and
Ir(111) by twisting the graphene layer. HAS measurement on Gr/Ru(0001)
[119] showed an evidence of a phase shift with increasing surface temperature,
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Figure 3.19: (Left) Thermal expansion of the surface of Gr/Ir(111), spectra taken
with Ei = 17.5 meV He beam. Peak names are indicated, triangles below the spectra
indicate the symbols used in the right panel where relative changes in periodicity
are plotted, full upward triangles and solid lines are from (1¯, 0) peaks and half-full
downward-pointing triangles and dashed lines from the (1,0) peaks, orange for Gr,
green for Ir, black for moiré and red for calculated moiré lattice using Eq.(3.1). Solid
gray line presents the expansion of iridium [158].
where the intensities of the peaks denotedGr(1,0) andRu(1,0)wheremonitored
while increasing the surface temperature and a sudden change in the intensity
of Ru(1,0) was detected at 320 K.
When comparing the periodicity change measured by the position of the
m(1,0) peak (black) with that of the calculated periodicity (red) using Eq.(3.1)
and the measured periodicities from Gr and Ir peaks we see that the relative
periodicity change is similar in measurement and calculation at 200 K while
it is completely different for the rest of surface temperatures. This might be
the fingerprint of a retarded response of the moiré superstructure to the change
in lattice misfit of Gr and Ir(111). Earlier LEED measurements reported a
hysteresis effect in the moiré lattice constant during the heating-cooling cycle
and explained the phenomenon by a strain relief mechanism where wrinkles
are created in the graphene layer upon cooling to reduce its compressive strain
[156, 160].
If the moiré structure were merely a result of overlap of two different peri-
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odicities, the measured periodicity of the moiré superstructure is expected to
follow Eq.(3.1). Since this is not the case, we conclude that the moiré structure
is formed during graphene growth and does not change after decreasing the
surface temperature. It is worth mentioning that earlier HAS and STM mea-
surements [161] reported that themoiré periodicity of Gr/Ru(0001) remains the
same even after the intercalation of 0.7ML of Cu, whereas, the moiré periodic-
ity according to Eq.(3.1) should have increased to ∼ 60Å. These observations
are evidence that the periodicity of the moiré superstructure is affected by the
lattice periodicities of Gr and its substrate at the growth temperature, therefore,
strain will inevitably build-up on the surface as a result of cooling down. In
fact, earlier reports revealed a preexisting strain in graphene due to cooling
down from the growth temperature [162]. Heating the sample causes changes
to the built-in strain in the graphene layer and certain temperatures will result
in a combination of strain and misfit that allow the graphene layer to create
sudden -instead of smooth- phase shifts. The strain builds up when the sample
is cooled down after preparation, a relief mechanism by wrinkle formation has
been reported earlier for Gr/Ir(111) [156], here we showed that the breaking of
surface rotational-symmetry can give more insight into this mechanism.
3.3.4 Selective Adsorption Resonances
Measuring the intensity of the specularly reflected He beam from Gr/Ir(111) as
a function of θi results in observing SARs thanks to the high atomic corrugation
of the graphene layer and the small lattice constant of the graphene unit cell.
Using a He beam with small Ei allows for the value of Ki to be comparable to
the reciprocal lattice vector of graphene G which is a favorable condition for
SARs. This also allows for the values of Ei⊥ to be close to the eigenvalues of
the He-surface interaction potential so that the resonances can take place.
Fig. 3.20 shows two measurements of the intensity of specular peak of
He reflected from Gr/Ir(111) as a function of θi using two different beam
energies 22.2 and 18.5 meV. The azimuthal orientation of the sample in these
measurements was rotated so that the ΓM direction of the surface lattice of
graphene is in the sagittal plane. The measurements were conducted by first
moving the detector to a certain θ f then optimizing the position of the sample
(x, y, z and θi) to get the maximum reflected intensity. Each data point
represents the measured intensity by the detector. The calibration of the polar
angle was done using the position of the detector in the direct path of the
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Figure 3.20: Specular intensity of HAS from Gr/Ir(111). The sample is oriented
so that the ΓM direction of the graphene unit cell is parallel to the sagittal plane.
Two different beam energies were used. Vertical bars indicate angular positions of
SARs using Eq.(1.8). Notations of involved reciprocal lattice vectors and indices of
eigenvalues of He-Gr/Ir(111) potential are indicated.
incident beam which equals 180°. The intensity increases with θi as expected
from the Debye-Waller model. This increase of the intensity is interrupted by
sudden minima as a result of SARs.
Angular positions of SARs can be obtained using Eq.(1.8) which relates the
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Figure 3.21: Three parameter potential ofHe-Gr/Ir(111) interaction and its eigenvalues
as a function of He distance from surface (z) where z0 is corresponds to the minimum
of the potential with λ = 1.413Å−1, p = 5.3 and D = 16.3 meV. Dashed lines are
the same except for D = 15.7 meV as used for graphite in Ref. [163]. Inset shows the
reciprocal lattice of graphene with arrows indicating the vectors involved in observed
SAR processes in Fig. 3.20.
eigenvalues of the He-surface interaction potential to the incident and scattered
wavevectors and the vectors of the reciprocal lattice of the surface. The
eigenvalues of the interaction potential were found by eyeballing the angular
positions that satisfy Eq.(1.8) with the minima observed in Fig. 3.20 and thus
we obtained the positions indicated by the vertical lines. The labels indicate
the involved reciprocal lattice vectors in the SAR process and the index of
the eigenvalue of the interaction potential. The inset in Fig. 3.21 shows the
reciprocal lattice of graphene and the lattice vectors that were found to produce
observable SAR features.
The potential used in this analysis was the one proposed by Boato et
al. [163] as they showed that neither a Morse potential nor a 3-9 poten-
tial could accurately describe the experimental vibrational spectrum of He-
graphite, whereas better results are obtained using the three-parameter model
potential given by [164]
Vp(z) = D
[(
1 +
λz
p
)−2p
− 2
(
1 +
λz
p
)]−p
, (3.2)
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where D is the depth of the potential well, λ is a positive range parameter that
affects the width of the interaction potential, p is a continuous parameter in the
range −1 ≤ 1/p ≤ 1 that affects the range of the attractive part of the potential,
z is the distance from the surface. The eigenvalues are given by
n = −D
[
1 − n + 1/2 + [δ(p)/A]
AS(p)
]S(p)
, (3.3)
where h is the Plank constant, m is the mass of the gas atom, A =
√
2mD/2hλ,
δ(p) = (1 + 1/p)/32p and S(p) =
[
1
2 − (1/4p)(3 + 1/p)
]−1
. Boato et al. [163]
obtained the values λ = 1.413Å−1, p = 5.3 and D = 15.7 meV from the
experimental SAR measurements of HAS from graphite. Our experimental
data in Fig. 3.20 for Gr/Ir(111) are better fitted using D = 15.7 meV with
the same values of the other two parameters. Fig. 3.21 shows a compari-
son between the potential used in this work (solid lines) and the one in Ref.
[163] for graphite (dashed lines). The energy levels obtained from our fit are
0 = −12.53, 1 = −6.77, 2 = −3.08, 3 = −1.04, 4 = −0.17 meV. For
comparison, 0 = −11.98 meV was measured for He-graphite interaction po-
tential. Fitting our data using a Morse potential gives the following energy
levels 0 = −12.52, 1 = −7.14, 2 = −3.26, 3 = −0.88, 4 = −0.005 meV.
The eigenvalues of the 3-parameter model fit our experimental data rather well
using the parameters mentioned above. However, some features in the spectra
shown in Fig. 3.20 cannot be explained by this fit. The reason can be an
interference from the reciprocal lattice vectors of the moiré unit cell which can
be added to the reciprocal lattice vectors of the graphene unit cell in multi-
ple combinations. This can make the fit very complicated. Fig. 3.20 shows
that only three sets of the reciprocal lattice vectors of graphene are effectively
involved in SAR processes.
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Chapter 4
Inelastic Scattering of He from Gr
Covered Metal Surfaces
This chapter presents two aspects of inelastic scattering: thermal attenuation
of the intensity of diffraction peaks and phonon measurements. Basically, the
interaction of a He beam with the surface phonons is the reason behind the
thermal attenuation, the latter is treated using the Debye-Waller model, and
the phonon dispersion curves are obtained from time-of-flight measurements
using iHAS dynamics discussed on Section 1.3.3.
4.1 Debye-Waller Factor
There are two main aspects to consider when looking for a good surface to
focus He atoms: The intensity and width of the reflected beam. The latter is
affected by the quality (roughness) and stability of the reflecting surface and
the former is mainly affected by the effective atomic mass of the surface. The
attenuation of reflected beam intensity with increasing surface temperature is
a useful analysis tool for investigating the impact of the surface material on
the focused beam as it allows to obtain information of the effective mass of
the surface atoms. By measuring the intensity of the specularly reflected beam
at different surface temperatures the value of the Debye-Waller factor can be
obtained. Debye-Waller factor depends also on the beam energy and angle of
incidence.
Fig. 4.1 shows examples of these measurements performed in the two
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Figure 4.1: Attenuation of the specular peak intensity as a function of surface temper-
ature for Gr/Ni(111) (left) and Gr/Cu(111) (right), measured in the two HASmachines
available in our laboratory (ERASMO and TEAMS, respectively). Highest and lowest
temperatures accessible for Debye-Waller measurements are indicated.
scattering machines in our laboratory. Gr/Ni(111) (left) was measured using
ERASMO (the TOF machine) with beam energy Ei = 36.6 meV, and although
θi is changed during the measurement it can be considered 52.7° since the
angle change is small. Gr/Cu(111) (right) was measured using TEAMS (the
rotary detector setup) with Ei = 28 meV and θi = 60°.
The advantage of using TEAMS is that we can obtain the absolute value
of reflectivity. Since the same detector is used to measure the incident and the
scattered beams there is no need for any normalization. On the other hand,
ERASMO (the fixed angle setup) provides better signal-to-noise ratio because
the detector is separated from the scattering chamber by the long TOF arm.
While the set of diaphragms between the sample and detector results in the
high angular resolution of the machine, they are also responsible for the high
sensitivity to changes in sample alignment.
Fig. 4.2.a shows examples of the effect of misalignment. The vertical axis
in this figure represents the value of the reflected intensity at a certain surface
temperature normalized to the reflected intensity at the lowest surface temper-
ature in each measurement set. The data plotted in blue circles was obtained
from a set of measurements where the surface temperature was stabilized and
the sample position was aligned before each measurement. The data plotted in
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Figure 4.2: (a) Effect of changes of sample position on the precision of measuring
thermal attenuation ofHe scattering fromGr/Ni(111) in ERASMO scatteringmachine.
Blue data shows a set of measurements with careful alignment of the sample position
for each individual measurement. Magenta and black are measurement without careful
alignment while heating and cooling the sample, respectively. Solid lines are linear
fits all (black) or parts (red and blue) of the data sets. (b) Thermal attenuation
measurements ran in three different experimental setups (see text). (c) Debye-Waller
attenuation for different Ei and θi and fixed TS = 120 K
magenta squares and black pentagons are examples of bad alignment during
the measurements which results in a change in the slopes of the curves.
Magenta squares were taken while heating the sample, the intensity starts
decreasing rapidly with increasing TS, however, adjusting the azimuth at 350 K
reveals a different decrease rate, the solid lines are fits of parts of the curve
before and after the position adjustment. Black pentagons where taken while
cooling down the sample, in this case the intensity starts to increase with
decreasing surface temperature at the expected rate, however, this rate starts to
decrease gradually since the sample position is not adjusted. This can be seen
from the different slopes of the linear fits of the first and second halves of the
data set. This however, does not mean that the measurement will yield a high
error when conducted carefully. We ran the measurements of Debye-Waller
attenuation for Gr/Ni(111) in two other experimental setups, plotted in Fig.
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4.2.b. Blue circles are the same as the blue data panel (a). Magenta circles
were measured using TEAMS machine at the same incident beam conditions.
Black circles were measured using the second detector in ERASMO which is
separated by only one diaphragm from the target chamber, where θi = 65.6° and
Ei = 64 meV. These measurements allow us to obtain a statistical error of 3%
in the value of Debye-Waller factor argument after normalizing to experimental
conditions, a remarkably low value.
Another method of validating the Debye-Waller model is to measure the
intensity of the diffraction peaks at different beam energies and angles of
incidence I(Ei, θi) while keeping the surface temperature fixed. Fig. 4.2.c
shows an example of this test on Gr/Ni(111) using TEAMS machine. The data
was measured at surface temperature TS = 120 K while changing θi from 30
to 75° and using two beam energies 28 and 64 meV. The plotted data was
normalized to the intensity of the incident beam I0 for each energy. The two
data sets exhibit similar slopes, indicating that He-scattering from Gr/Ni(111)
obeys normal energy and angle scaling, as expected from a low-corrugated
surface.
In general, the form of W(T) given by Eq.(1.13) does not agree well with
experiment in both the momentum and the temperature dependence [5]. A full
description of the thermal attenuation for real systems can be achieved only
from a detailed investigation of multiphonon exchange. For the convenience
of the reader the argument of Debye-Waller factor which expresses the decay
rate of the specular peak in He diffraction spectra as a function of several
parameters is repeated here
2W(TS) = 24m(Ei cos
2 θi + D)TS
MSkBΘ2D
. (4.1)
These parameters are either a property of the studied surface, namely, the
depth of the He-surface potential D, the effective atomic mass of the surface
MS and the surface Debye temperatureΘD; or related experimental conditions,
which are the mass of the projectile atom m, the beam energy Ei and angle
of incidence θi. These two types of parameters cannot be separated directly
because of the summation Ei cos2 θi +D in the numerator. Although we do not
have clear information on the exact values of D for each of the studied surfaces,
it will not be a bad approximation to assume that D has the same value for all
graphene covered surfaces in our analysis of Debye-Waller factor, especially
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Figure 4.3: Evolution of He diffraction spectra from Gr/Ir(111) with surface tempera-
ture at two different beam energies.
since the effect of small changes in this value is lessened by the summation
with Ei cos2 θi.
The drop in the intensities of diffraction peaks with increasing surface
temperature is accompanied with an increase in the inelastic background in
the diffraction spectra. The Debye temperature term in Eq.(4.1) indicates the
relation between the decrease of elastic scattering and the excitation of phonons.
This is manifested in the evolution of diffraction spectra presented in Fig.
4.3. Two beam energies were used and the surface temperature was increased
until the diffraction spectra disappeared under the inelastic background. A
similar behavior was shown earlier for Gr/Ni(111) in Fig.3.7. The shape of
the background is a Gaussian peak. The position of the background maximum
shifts to negative ∆θi with increasing surface temperature since more phonons
are excited at the surface and the probability of the helium atom gaining energy
from the surface increases.
Analysis of the intensities of the diffraction peaks of Gr/Ir(111) in Fig. 4.3
is plotted in panels (a) and (b) in Fig.4.4. The data is plotted as the intensity of
the diffraction peak at different temperatures Ipq(TS) normalized to its intensity
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Figure 4.4: Testing Debye-Waller model with Gr/Ir(111). (a) Thermal attenuation of
the specular peak for two different Ei. (b) Thermal attenuation of different diffraction
peaks at Ei = 17.5 meV. (c) He specular intensity dependence on Ei and θi using two
different surface temperatures and three beam energies.
at the lowest surface temperature in the measured set of spectra Ipq(T0), where
p and q are the indices of the diffraction peak. Panel (a) shows the thermal
attenuation of the specular peak using different beam energies 17.5 (red circles)
and 31.6 meV (green squares). The slopes of these curves are 9.4 × 10−3 and
8.6 × 10−3 , respectively. The difference between these slopes is smaller than
what is expected from the Debye-Waller model due to the difference in Ei.
However, the standard error of the measured slopes is 9%, which is acceptable.
Fig. 4.4.b shows the thermal attenuation of the three first order diffraction
peaks in the angular diffraction spectra of Gr/Ir(111)with Ei = 17.5 meV, using
the peak names as in Sec. 3.3. Red circles indicate the specular peak, squares
indicate the moiré first order diffraction peaks which appear at ∆θi = ±2.3°,
triangles and circles indicate the Ir and Gr peaks which appear at ∆θi = ±22.5°
and±25°, respectively. (1,0) and (1¯,0) peaks are distinguished by solid symbols
and lines for the former, and empty symbols with dashed lines for the latter.
The diffraction spectra for this data were measured using ERASMO, which
means θi is different for each peak. The Debye-Waller model predicts that the
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decay rates of the (1,0) and (1¯,0) peaks are 34% higher or 26% lower than the
decay rate of the specular peak, respectively. However, this does not agree with
the measured curves.
The Debye-Waller factor in Eq.(4.1) was derived by assuming that the mo-
mentum transfer parallel to the surface is zero [5]; this is a valid approximation
for the specular peak and the diffraction peaks in its vicinity like the moiré
diffraction peaks. The estimated difference in the decay rate of the moiré peaks
compared to that of the specular peak is 3% which is lower than the statistical
error in the measurement. Thus we can say that the diffraction peaks close
to the specular obey the Debye-Waller model while the peaks far from the
specular do not.
Finally, Fig.4.4.c shows the specular intensity dependence on the energy of
the incident beam normal to the surface (similar to Fig. 4.2.c for Gr/Ni(111)).
The data for Gr/Ir(111) was measured using two different surface temperatures
80 K (squares) and 300 K (circles). Three different beam energies were used,
plotted in different colors, in combination with several angles of incidence. In
general, the reflected intensities from the 80 K surface are higher than those
of the 300 K surface as expected from Debye-Waller model. However, unlike
the Gr/Ni(111) data (shown earlier) the data for Gr/Ir(111) does not follow
the same slope for a certain surface temperature, contrary to what is expected
from the Debye-Waller model. The slopes of the data sets decrease with
increasing Ei and the normal energy scaling of the specular peak does not hold
for Gr/Ir(111). The explanation can be the presence of two periodicities on
the surface or because the in-plane forces have an important role and thus the
assumption of zero momentum transfer parallel to the surface is not valid for
this surface.
A common practice in the literature is to derive a value of the surface Debye
temperature ΘD from the thermal attenuation measurements using the Debye-
Waller model. As discussed earlier, besides the experimental parameters, there
are three parameters in Eq.(4.1) related to the studied surface: the depth of the
He-surface potential D, the effective atomic mass of the surface MS and the
surface Debye temperature ΘD. The common practice is to obtain the value of
D from different measurements, like the selective adsorption resonances which
give a very precise value of D, and substitute MS with the value of the mass
of one atom of the surface then obtain ΘD from Eq.(4.1). This practice has
been used successfully in obtaining the Debye temperature for single crystal
surfaces.
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However, determination of the effective atomic mass Me f f of the surface
and its Debye temperatureΘD is still a matter of debate in molecular scattering
from surfaces [109]. For instance, an increased effectivemasswas used to fit Ar
and N2 scattering data from the Ru(0001) surface, whereas this effect was not
observed in other metal surfaces. This was interpreted as due to the different
layer stacking (fcc or hcp) of the metallic surfaces investigated, whereby the
mass increase in the case of Ru(0001) is caused by Ru atoms in layers beneath
the surface [165]. Furthermore, Me f f can be equal to the mass of several
atoms of the surface because a He atom with thermal energy can interact with
several atoms from the surface at a single collision event. This depends on the
strength of atomic bonds in the surface plane, for example, Me f f of HOPG
was considered equal to 6 carbon atoms in HAS measurements because of the
strong C-C bond [166].
Additionally, the surfaceDebye temperature obtained byHAS involves only
the out-of-plane acoustic phononmodes, since the optical phonons contribution
is assumed to be zero in the Debye model and the momentum exchange is more
efficient with atomic displacements normal to the surface [55, 133].
These observations indicate that the “common practice” discussed earlier
should be approached with caution when dealing with layered materials since
the in-plane atomic bonds can differ substantially from the out-of-plane ones.
Shichibe et al. [167] performed thermal attenuation using several noble-
gases and several graphene-covered surfaces. They showed, by comparing
the measurements with the classical smooth surface model (Sec. 1.3.3), that
Debye-Waller attenuationmeasurements can be used as a probe of the graphene-
substrate interaction and found that an increasedMe f f is sensed by the scattered
atoms from Gr/Ru(0001) compared to clean Ru(0001), 230 and 281 amu,
respectively. This increase of Me f f for Gr/Ru(0001) has been earlier used in
explaining the softening of the RW branch of Gr/Ru(0001), known as the mass
loading effect [71].
If we assume a mass loading effect in Gr/Ni(111), similar to that observed
in Gr/Ru(0001), which is reasonable due to the similarly strong graphene-metal
interaction in both systems [61], then Me f f is equal to 6 carbon atoms and 1
nickel atom, i.e. 130.7 amu (and 173 amu for Gr/Ru(0001)). Using these
values of the effective masses of Gr/Ni(111) and Gr/Ru(0001) gives the similar
values of Debye-temperature for these surfaces, 208 and 275 K, respectively. It
is worth mentioning that D. Jackson has calculated ΘD⊥ = 230 K for Ni(111)
surface [168], and E. Ferrari et al. [169] have measured ΘD = (295 ± 10)K
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for the topmost layer of Ru(0001).
On the other hand, the values of ΘD derived by using Me f f = 1 carbon
atom would give the impression that the out-of-plane lattice vibrations of
Gr/Ru(0001) are of a completely different nature from those of Gr/Ni(111).
This is not the case, however, as proved by the phonon dispersionmeasurements
presented later in this chapter. The approach of including the atomic mass
of the substrate cannot be applied to Gr/Cu(111) and Gr/Ir(111) as it gives
unrealistically small values of ΘD. Similarly, Shichibe et al. found that HOPG
and Gr/Pt(111) have the same value of Me f f .
Therefore, it will be safer when comparing Debye-Waller attenuation mea-
surements in this work to use the multiplication of MSΘ2D when analyzing
the data. The difference in the Debye-Waller factor 2W(T) can thus be ex-
plained as a difference in the effective mass of the surface which appears in
the Debye-Waller factor multiplied to ΘD. A smaller effective mass allows
for a more efficient momentum and energy transfer from the impinging atoms
to the surface leading to stronger attenuation with TS, which means a smaller
Debye-Waller factor.
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Figure 4.5: Comparison of Debye-Waller factor for different graphitic surfaces. Solid
lines are fits according to Eq.(1.13). The inset shows the value of MSΘ2D in (amu K
2).
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Figure 4.5 shows a summary of the Debye-Waller measurements from this
work. For completeness, data for Gr/Ru(0001) [23] and HOPG [166] are
included. The inset demonstrates how graphene on Cu(111) and Ir(111) have
significantly lower MSΘ2D values when compared to graphene on Ni(111) and
Ru(0001). Surprisingly, the MSΘ2D value of HOPG is relatively high. In
the paragraphs below we show how the Debye-Waller factor of Ni(111) and
Gr/Ni(111) are very similar, the value can be found in Table 4.1.
Figure 4.6 shows the thermal attenuation behavior of the specular intensity
for the scattering of He and Ne from Gr/Ni(111) (black and magenta curves,
respectively) and for He scattering from bare Ni(111) (blue). The measure-
ments were performed using the commercial quadrupole mass spectrometer
where θi = 65.6°. The data is plotted on the left panel in a conventional
presentation as ln
[
I(TS)/I(T0)
]
as a function of surface temperature (TS). This
normalization was done with respect to the measured intensity at the lowest
temperature (T0) for each set of measurements. The data is plotted in the
right panel after normalization to the atomic mass of the projectile atom m, so
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Figure 4.6: Left: Thermal attenuation of the intensity of specularly scattered He (black
hexagons) and Ne (magenta circles) from Gr/Ni(111) compared to He from Ni(111)
(blue squares). Left: The intensities I(TS) are normalized to the intensity at the lowest
surface temperature I(T0) of each set. Right: The vertical axis represents the mass
normalized Debye-Waller factor exponent where m is the projectile atom mass in amu.
Lines are exponential fits. The incident beam energy is 66 meV.
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Table 4.1: Temperature gradient of the Debye-Waller exponent with and without
normalization to the projectile mass for bare and Gr-covered Ni(111) surfaces. The
Debye-Waller argument 2W/TS is in K−1 and the normalized argument 2W/mTS is in
K−1amu−1.
Ni(111) Gr/Ni(111)
He He Ne
2W(T)/TS 0.32 × 10−2 0.58 × 10−2 2.38 × 10−2
2W(T)/mTS 0.80 × 10−3 1.24 × 10−3 1.18 × 10−3
Eq.(1.13) becomes
ln
[
I(TS)/I0
]
m
=
−2W(TS)
m
= −24(Ei cos
2 θi + D)TS
MkBΘ2D
. (4.2)
The results of fitting the data in Fig. 4.6 to Eqs. (1.13 and 4.2) are summarized in
Table 4.1. The Debye-Waller factor for Ne scattering from Gr/Ni(111) is more
than 4 times larger than that ofHe scattering. This value is acceptablewithin the
Debye-Waller model for this change in the projectile mass. Therefore, within
the experimental error, essentially the same mass-normalized Debye-Waller
factor is obtained for both He and Ne atoms scattered from Gr/Ni(111). On the
other hand, the Debye-Waller factor of He scattering from clean Ni(111) and
Gr/Ni(111) is quite similar, especially considering that these are completely
different surfaces. However, this similarity is expected because graphene
binds tightly to Ni(111), and this tight binding is evidenced by the fact that the
dispersion curves of the low-energy phonons from the two surfaces are quite
similar, as shown in the next section.
It should also be mentioned that for very heavy atomic projectiles at low en-
ergies there is evidence that, due to longer collision times, themass dependence
of 2W becomes proportional to m1/2 instead of m [170, 171, 172, 173, 174].
Although the normalized 2W data shown in Fig. 4.6 and Table 4.1 imply that
such behavior does not apply to the lighter–mass Ne at the relatively large
energy of 66 meV. The same m scaling was found by Lapujoulade et al. on
Cu(100) [117].
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4.2 Phonons of SupportedGraphene: Gr/Cu(111)
Measurements of thermal expansion and thermal specular attenuation give
semi-quantitative information about graphene’s interactions with its substrate.
HAS experiments also reveal acoustic phonons directly from angle resolved
TOF data. As we will show, this is a valuable probe of graphene/substrate
interactions - for example it provides a contact point with first principles
theory. In addition, obtaining acoustic phonons by HAS also has the potential
to provide critical information on thermal properties of graphene samples as
acoustic phonons strongly influence the room temperature thermal conductivity
of graphene [175].
Several series of TOF spectra have been taken under different incident
conditions, in order to get the phonon dispersion curves. A representative
series of TOF spectra measured using a Gr/Cu(111)/Al2O3 sample with two
beam energies is shown in Fig. 4.7.(b); the ones labeled 2 to 3 were collected
using beam energy 32 meV and the rest using 43 meV. The spectra were
converted from flight time scale to energy exchange scale using Eq.(2.12),
taking the diffuse elastic peak to set the zero energy transfer. The sharpness
of the diffuse elastic peak (FWHM = 0.66 meV at Ei = 32 meV) denotes the
low energy spread of the He beam. The beam energy and surface temperature
were varied to find the optimum resolution of the inelastic peaks. For peaks
corresponding to low energy and momentum transfer (which correspond to
inelastic peaks appearing close to the specular peak) we used low beam energy
and surface temperature. Best resolution for inelastic peaks appearing at higher
energy and momentum transfer was obtained keeping the beam and surface at
room temperature.
The dispersion curves of different surface acoustic phonon modes can be
obtained from the angle dependence of the position of the inelastic features
in the TOF spectra in energy exchange scale, then the momentum exchange
value is obtained using the corresponding scan curve given by Eq.(1.11). Panel
(a) in Fig. 4.7 shows the resulting data points from this process; each TOF
spectrum gives one or two data points depending on the scattering conditions.
Dark and light circles were measured from Gr/Cu(111)/Al2O3 and super G,
respectively. Dashed lines are scan curves mirrored to the first quadrant,
black and gray dashed lines correspond to TOF spectra labeled 2 and 4.5 in
panel (b), respectively. Two phonon modes appear for small values of phonon
wavevector; they appear to cross at ∼ 0.35Å−1 then one linear mode is present
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Figure 4.7: (a) Experimentally derived surface phonons for Gr/Cu(111) measured
along the ΓM direction, dark and light points were measured using Gr/Cu(111)/Al2O3
and super G samples, respectively. Scan curves corresponding to TOF spectra from
panel (b) labeled 2 and 4.5 are shown in dashed black and gray lines, respectively.
(b) TOF spectra using Gr/Cu(111)/Al2O3 taken with beam energies 32 (2 to 3) and
43 meV (3.5 to 6.5).
for large wavevectors. This principal phonon mode can be identified as the ZA
(flexural) mode of graphene.
Figure 4.8 shows the phonon dispersion curves of the two Gr/Cu(111)
surfaces used in this study (closed circles) measured along the ΓM and ΓK
directions compared to surface phonons of Cu(111) measured by HAS [176]
(open circles) and phonon dispersion curves for Gr/Cu(111) calculated from
first principles (gray curves) [177]. The thick curve is a fit of the flexural
mode (ZA) according to Eq.(4.4) to be discussed later in details. We can
assign most of the observed phonons as flexural phonons, more specifically
perpendicular acoustic (ZA) phonon modes. No data points were detected for
the longitudinal acoustic (LA) or transverse acoustic (TA) modes. The latter
would be anyway forbidden for planar scattering in the ΓM direction [101].
However, the LA mode should be present, in fact, it has been clearly detected
on the graphite(001) surface with HAS [178].
First-principles calculations of the Gr/Cu(111) surface phonons (using
LDA-DFT) predict a lifting of 3.14 meV of the ZA mode at the surface Bril-
louin zone center (Γ point) [177]. However, our measurements show that his
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Figure 4.8: Experimentally derived surface phonons for Gr/Cu(111) (closed circles)
measured along the ΓM and ΓK directions, Cu(111) phonons (open circles) measured
by HAS from Ref. [176], DFT calculations for Gr/Cu(111) (dashed gray curves) from
Ref. [177]. Thick curve is a fit according to Eq.(4.4).
value is ω0 ∼ 5.7 meV, as clearly seen from the nondispersive part of ZA
mode in Fig. 4.8, we assign this to the graphene copper interaction for the
0°R rotational domain because the same value was obtained using super G
and Gr/Cu(111)/Al2O3 samples. A similar feature is seen at ω ∼ 12 meV,
which can be assigned to an overtone of ω0. Interestingly enough, the data
points for the ZA mode follow a parabolic dispersion only at phonon wave
vectors near the center of the Brillouin zone. A deviation from a parabolic
law is observed for energies above 7 meV; a quasi-linear behavior is observed
above this energy. The deviation from the quadratic dispersion of ZA branch,
results in lower values of the phonon group velocity, and thus, a decrease in
the relative contribution from ZA phonons to thermal conductivity [55].
The comparison with Cu(111) surface phonons in Fig. 4.8 reveals that the
phonon mode below 5 meV and small values of the phonon wavevector is the
Rayleigh wave (RW) of the Cu(111) surface. This is a counterintuitive result
considering that HAS is a surface-only sensitive technique, however, recent
advances in the interpretation of inelastic HAS revealed an interesting feature
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where subsurface phonons can be detected. This is known as the quantum
sonar effect where vibrational modes detectable by HAS can generated at
several atomic layers beneath the surface; the depth of these layers is limited
by the range of the electron-phonon interaction [100, 104, 179, 180, 181].
The dispersion curve of the flexuralmode can be used to derive fundamental
quantities of the samples like the graphene-Cu coupling strength (g) and the
bending rigidity (κ) [182]. According to a model developed by Karssemeijer
and Fasolino [183] for free-standing graphene the dispersion of the acoustic
perpendicular (ZA) mode is given by
ω
f ree
ZA (∆K) =
√
κ
ρ2D
∆K2, (4.3)
where ρ = 7.6 × 10−8 g/cm2 is the two-dimensional mass density of graphene.
A later model developed by Amorim and Guinea [75] includes the effect of
coupling the graphene layer to a substrate which introduces a gap at a frequency
ω0 at the Γ point, and the dispersion relation is now given by
ω
coupled
ZA (∆K) =
√
κ
ρ2D
∆K4 + ω02, (4.4)
where ω0 =
√
g/ρ2D and g is the coupling strength between graphene and
substrate. Therefore, from a fit to the experimental data using Eq.(4.4) it is
possible to determine both g and κ. We obtain g = (5.7 ± 0.4) × 1019 N/m3
for the graphene-Cu interaction. This derived value is 2–3 times smaller than
that for graphene/SiO2 interfaces [184]. We also obtain κ = (1.30 ± 0.15) eV,
consistent with DFT calculations that predict κ = 1.20–1.61 eV [182].
The previous chapter included discussion of the background in angular
diffraction spectra and how it can be resolved as the diffuse elastic peak in TOF
spectra. The origin of the diffuse elastic peak is attributed to the imperfections
on the surface. Its intensity is proportional to the density of translational-
symmetry-breaking defects like step edges, vacancies, and adsorbates [4].
Fig. 4.9 shows a comparison of TOF spectra of He scattering from both
Gr/Cu(111)/Al2O3 and super G at TS = 120 K using the same beam energy
Ei = 43 meV and selected angles of incidence (∆θi =3.5° - 6.5°). There are
two clear features in each of the spectra: the diffuse-elastic peak at 1.6 ms,
and a single phonon creation event with a position near ∼ 1.7 ms that changes
with ∆θi. The lower intensity of the diffuse-elastic peak in super G compared
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Figure 4.9: Comparison of TOF spectra from Gr/Cu(111)/Al2O3 (left) and super G
(right) at the same experimental conditions (Ei = 43 meV and TS = 120 K).
to Gr/Cu(111)/Al2O3 reflects the lower intensity of defects on the former
surface. This result is consistent with the previous discussion on the presence
of multiple rotational domains on the Gr/Cu(111)/Al2O3 surface and their
absence on the super G surface in Section 3.1.2. To our knowledge, this is
the first experimental work where the diffuse-elastic peak from TOF spectra
has been used to compare the quality of a surface from different preparation
techniques.
The Absence of LA mode
It is well known that the thermal conductivity in supported graphene decreases
by an order of magnitude compared to that in free-standing graphene [175].
It has been suggested that this reduction is caused by leaking of ZA phonons
across the graphene-support interface. However, the data shown in the previous
section proves that ZA dispersion for Gr/Cu(111) is very similar to the one
expected for free-standing graphene. The complete absence of data points
from the LA mode suggests that this mode is also involved in heat conduction
in graphene.
The kinematic parameters used when collecting a TOF spectrum are used
in deriving scan curves that relate energy exchange to momentum exchange
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Figure 4.10: TOF spectra from Gr/Cu(111) indicating names of different phonon
modes. Green triangles indicates the calculated positions of LA mode in TOF spectra
obtained from the crossing of the corresponding scan curve with the LA dispersion
curve as shown in the inset. Scan curves are plotted in the same color as their
corresponding TOF spectra.
according to Eq.(1.11) are explained in more details in Section 1.3.3. We can
estimate the expected position of single-phonon creation or annihilation event
on a TOF spectrum when its corresponding scan curve is plotted on top the
phonon dispersion curves; the crossing of the scan curve with a dispersion
curve corresponds to a peak in the TOF spectrum.
The inset in Fig. 4.10 shows examples of this process. The dispersion curve
of the ZA mode of Gr/Cu(111) is a fit of the experimental data according to
Eq.(4.4) as in Fig. 4.8. TA and LA modes are theoretical calculations for free
standing graphene [46]. The RW mode of the substrate is also plotted since it
was detected in the experiment as well. Selected scan curves corresponding
to the TOF spectra on the main panel are also plotted and their crossings with
the LA mode are indicated by green circles. TOF spectra in Fig. 4.10 were
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collected at Ei = 17 meV and angles ∆θi = −2 to −12°. The momentum
exchange of elastically scattered beam parallel to the surface K is indicated
next to each TOF spectrum in Å−1.
TOF spectra and their corresponding scan curves are plotted in the same
colors. The uppermost TOF spectrum in the right panel was measured at
∆θi = −2°, it corresponds to the lowest scan curve in the left panel which
crosses the horizontal axis (∆E = 0) at ∆K = −0.25Å−1. This scan curve
crosses RW curve in two different places, both are annihilation events where
∆E of the scattered helium atoms is > 0, however, one is a forward scattering
event and the other is a backward scattering event. These two events appear as
peaks at the expected ∆E position in the TOF spectrum as indicated by arrows.
The second scan curve (∆θi = −2° and K = −0.49Å−1) crosses the RW mode
in one position and the ZAmode in two close positions. This results in one RW
peak and one wide ZA peak in the TOF spectrum. The third TOF spectrum
K = −0.97Å−1 shows the peak that results from the crossing of the RW and
ZA mode, and the last two spectra show peaks corresponding the ZA mode
only.
The expected positions of the single LA phonon events are indicated by
green triangles pointing to the corresponding TOF spectrum. Clearly no peaks
were detected at any of these positions. Although this mode was measured
on graphite(001) surface using HAS in Toennies group [178]. It is worth
mentioning that Aksamija and Knezevic [185] predicted that for free-standing
graphene nanoribbons (5 µm), thermal conductivity reaches its maximum at
130 K with a maximum contribution of in-plane modes (LA and TA). Their
calculations show amaximumof the ZAmode below this temperature (∼ 70 K),
whereas our measurements reveal that ZA mode is the most dominant feature
in TOF spectra at 120 K. This can indicate that either the LA mode has a very
low partial density of states at this temperature or that it was affected by the
presence of the substrate. Using higher surface temperatures resulted in the
dominance of the multiphonon peak.
A. Cocemasov et al. [55] showed that ZA phonons dominate the specific
heat in free standing graphene for T ≤ 200K and their contribution becomes
comparable to that of LA and TA phonons in the temperature range 200K ≤
T ≤ 500K . However, this does not imply that ZA phonons make the dominant
contribution to the thermal conductivity which depends on the phonon mean
free path as well [55]. On the other hand, L. Chen and S. Kumar [186]
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found that the LA mode dominates the thermal conductivity of both isolated
and supported graphene on Cu substrate and that the life time of ZA modes
decreases by an order of magnitude due to the interactions with Cu substrate
and ZAmode decreasing the thermal conductivity of Gr/Cu(111) by 44%. The
ZA contribution to thermal conductivity decreases due to Umklapp scattering
from other in-plane modes [186].
Since we have not detected any sign of LA at this temperature we believe
that ZA mode is still the dominant thermal energy carrier in Gr/Cu(111). Our
finding falls in-line with the theoretical predictions that ZA mode is the most
dominant at this sample temperature. We have performed these measurements
two years before the publication of the reviews that highlighted the controversy
about the relative contribution of phonon modes in the thermal conductivity of
graphene. It might be of interest in the future to perform a study on the effect
of increasing the sample temperature on the observed intensities in the TOF
spectra.
4.3 Surface Phonons of a Graphene-Passivated
Metal: Gr/Ni(111)
Unlike Gr/Cu(111), the strong interaction between Gr and Ni(111) causes a
strong softening of the graphene phonons. This softening can be decreased by
intercalation with certain metals that interact weakly with Gr. These effects
were measured by Oshima and Rieder groups using HREELS in the 1990s
[69, 77, 81, 187, 188]. However, HREELS measurements could not access
the low energy acoustic modes of Gr/Ni(111); HAS on the other hand, is
very suitable for this purpose. The strong Gr-Ni interaction results in a strong
hybridization of the Gr pi-bands with the d-bands of nickel which creates a 4
eV gap in the electronic structure of Gr at K. This gap suppresses the electron-
phonon coupling and eliminates the Kohn anomalies. Therefore, Gr/Ni(111)
phonons are no longer Raman active [36, 49].
Fig. 4.11 shows the dispersion of the surface phonons of Gr/Ni(111) (full
circles) compared to the surface phonons of Ni(111) measured along the ΓM
high symmetry direction. Two scan curves are also plotted in solid and dashed
lines, they correspond to (Ei = 66.7 meV, ∆θi = 3°) and (Ei = 34 meV,
∆θi = 6°), respectively. Corresponding TOF spectra are shown in panels
(a) and (d) in Fig. 4.12 which were measured on Gr/Ni(111) and Ni(111),
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Figure 4.11: Surface phonons of Gr/Ni(111) (full circles) and Ni(111) (empty circles)
measured along the ΓM high symmetry direction. Solid (dashed) line is a scan curve
corresponding to TOF spectrum from Gr/Ni(111) (Ni(111)) plotted in Fig. 4.12.a(d).
respectively. In both surfaces the intensity of the RW peaks in the TOF spectra
drops very quickly for wavevectors larger than 0.8Å−1 due to momentum
cutoff. In fact, the few peaks above this value were measured in the vicinity of
the specular position at ∆θi < ±1°.
Basically, the lower-energy acoustic surface phonon of Gr/Ni(111) follows
exactly the RW dispersion of Ni(111) below 0.4Å−1, this is almost one third of
the surface Brillouin zone. It splits afterwards into two modes, one continues
following the RW mode and the other is more likely to be the ZA mode. Later
in this section we discuss this with further details by comparison to previous
measurements and calculations.
Representative TOF spectra converted to energy transfer scale taken at dif-
ferent incident conditions along the ΓM and ΓK directions for Gr/Ni(111) and
bare Ni(111) are shown in Fig. 4.12. Scan curves using Eq.(1.11) are shown
in black lines in each panel of this figure. The vertical axes show the value
of momentum transfer of the scan curves; the intensities of the TOF spectra
are not shown since their absolute values are not of importance for this dis-
cussion. Each spectrum was fitted with multiple Gaussian peaks. The diffuse
elastic peak (blue shaded) was taken as the zero in the energy transfer scale.
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Figure 4.12: Selected TOF spectra in energy exchange scale for Gr/Ni(111) (a, b and
c) and Ni(111) (d); the intensity scales of the TOF spectra are not shown. TOF spectra
were fitted by multiple Gaussian peaks: diffuse elastic (blue, filled), broad multi–
phonon peak (gray) and phonons. Solid black lines are scan curves; the corresponding
momentum transfer ∆K are indicated on the vertical scales. The blue circles are data
points extracted from these TOF spectra.
Multiphonon peaks (gray) appear as broad features that dominate the energy
exchange between He-atoms and the studied surfaces. Peaks corresponding to
different phonon modes, discussed later in details, are labeled: Rayleigh wave
(RW), longitudinal resonances (LR) and out–of–plane acoustic mode (ZA).
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The dominant feature in clean Ni(111) TOF spectra (Fig. 4.12.d) corre-
sponds to the RW; the LR mode has very low intensity in comparison. A
third peak appears close to RW peak which belongs to the bulk band edge,
a similar feature was also reported from a Pt(111) surface [189]. Gr/Ni(111)
TOF spectra in Figs. 4.12.a-c show two clear peaks other than the multiphonon
peak: the peak with the higher intensity belongs to a mode that matches the
dispersion of the RW mode of the substrate, while the smaller one belongs to
the ZA mode of the graphene layer.
The width of the diffuse elastic peak, which corresponds to the energy
spread of the incident beam, increases from 1 to 4 meV when increasing the
beam energy from 34 to 80 meV, so clearly a lower incident energy is the
best choice for resolving phonon modes with small energies whereas a higher
energy is required to avoid the energy cutoff [190]. The intensity of the diffuse
elastic peak decreases for higher beam energies while the intensity of the multi-
phonon peak increases due to the Debye-Waller effect. Therefore, up to 6 hours
of data accumulation were needed for many of these measurements.
In this work, we havemeasured the low-energy part of the dispersion curves
of the acoustic phonon modes for Gr/Ni(111) in the ΓM and ΓK directions of
the surface Brillouin zone and the phonon dispersion of bare Ni(111) along
ΓM. Figure 4.13 shows the measured data in blue circles for Gr/Ni(111)
and blue dashed lines for Ni(111); LR and RW dispersion were determined
experimentally along the ΓM direction and mirrored to the ΓK side for visual
comparison. For completeness, the figure also includes the low-energy data
measured by HREELS along ΓM [69] and ΓK [187] (red circles) as well as
results reported by ab initio calculations (dashed lines) [49]. The thick cyan
curve is a fit of the flexural mode (ZA) according to Eq.(4.4).
The most pronounced feature in the measured phonon dispersion is the
presence of the same RW of Ni(111) up to half the surface Brillouin zone in
the ΓM direction, where it undergoes a hybridization with the LR mode, while
no hybridization between LR and RWmodes was observed for the bare Ni(111)
surface. Also, a few data points of the LR mode have also been detected in the
Gr/Ni(111) measurements. Since the He-phonon interaction is directly related
to the electron-phonon coupling strength [100] and due to the strong C-Ni
bonding, it is not surprising to detect the RWmode of the metallic substrate as
has been the case for Gr/Ru(0001) [71]. Unlike the latter, no data points of RW
of Gr/Ni(111) could be measured in the second half of the surface Brillouin
zone due to the momentum cutoff for out-of-plane vibrations at large wave
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Figure 4.13: Surface phonon dispersion ofGr/Ni(111) along the ΓMand ΓKdirections.
Black circles are current low–energy data for Gr/Ni(111). Red circles: HREELS data
from [69, 187]. Dashed gray lines are ab initio calculations of the Gr/Ni(111) modes
[49]. Blue circles are measured data of Ni(111) surface phonon dispersion in ΓM,
Blue dashed lines are Ni(111) data mirrored from ΓM for visual comparison.
vectors, and thus no information on the mass loading effect could be obtained
from the phonon dispersion.
Even more surprising is the different behavior of RW along the ΓK direc-
tion, where the data points appear at slightly higher energies. We note that the
sagittal plane is not a mirror symmetry plane for the atomic displacements of
the Shear Horizontal (SH) mode of Ni(111) in the ΓK direction, and thus the
coupling to the impinging He-atoms’ momentum to this mode is not forbidden
by symmetry as is the case in the ΓM direction.
Only two data points corresponding to the LA mode have been resolved
along ΓM, while in the ΓK direction the large scattering of the data points at
ca. 20 meV near Γ could be a result of the avoided crossing of the LA and ZA
modes. Well-resolved peaks were not obtained because the elastic scattering
is dominated by the multi-phonon scattering. The few resolved data points
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are in good agreement with the dispersion curves measured by HREELS and
calculated for LA mode of Gr/Ni(111).
Fitting our data, with consideration of HREELS data, using Eq.(4.4) gives
g = (7.2 ± 7.0) × 1020 N/m3 and κ = (0.43 ± 0.07) eV. This gives an energy
ofω0 ∼ 20 meV for the ZAmode at the Γ point. When compared with the value
obtained for Gr/Cu(111), it is clear that the Gr-Ni coupling is much stronger,
and that the graphene bending rigidity is reduced as a consequence of being
forced to follow the surface vibrations of the Ni atoms.
It is worth pointing out that the DFT calculations reported in Ref. [49] for
Gr/Ni(111) provide a good description of the optical phonon branches, includ-
ing the softening of the ZO mode and the suppression of the Kohn anomaly
observed by HREELS [69, 187] along ΓM. Actually, from the overestimation
of the ZA/ZO gap at Γ and K the authors of Ref. [49] concluded that their
LDA calculations may be overestimating the adsorption strength of graphene
on the Ni substrate, while the GGA calculations underestimated this value.
Our current results seem to confirm this view. Although, the GGA calculations
gave a reasonable value of ω0.
The strong coupling strength between Gr and Ni(111) will enhance the
thermal conductivity, because of the coupling of the ZA mode to the substrate
RW results in a hybridized mode with higher group velocity than the original
ZA mode in graphene [54].
Finally, the fact that the lowest observed branch on Gr/Ni(111) is actually
the substrate RW accounts for the observed high specular reflectivity (ca. 20
%) to He atoms, and confirms that systems with a strong C-substrate interaction
are the best candidates to be used as focusing mirrors in scanning He atom
microscopy.
4.4 Effect of Moiré Structure on Phonon Disper-
sions: Gr/Ir(111)
Recent measurements of the phonon dispersion curves for Gr/Ir(111) using
HREELS [74, 191] showed very small deviations from those of free standing
graphene with twomain differences: The Kohn anomaly at K is weaker due to a
decrease of the electron-phonon coupling (as a result of screening of graphene
electron correlations by the metal substrate); and the moiré superstructure
induces replicas of graphene phonon modes.
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Figure 4.14: TOF series of He scattering from Gr/Ir(111) at different ∆θi relative
so the specular position, indicated in the legend, with beam energies 19 meV (a) and
32 meV (b and c). Gray dashed lines indicate features at 4.6 meV and ±7.2 meV.
The similarity of surface phonon modes of Gr/Ir(111) to those of free
standing graphene is a result of the weak chemisorption of the 0°R Gr domain
on Ir(111) [154]. Therefore, we expect to measure a ZA mode similar to that
of Gr/Cu(111). However, the presence of a moiré superstructure might result
in extra modes similar to what has been observed for Gr/Ru(0001) [71].
First we start by presenting TOF measurements on Gr/Ir(111) as they
showed multiple features that were not observed in Gr/Cu(111) or Gr/Ni(111)
measurements. Fig. 4.14 shows a series of TOF spectra measured using two
beam energies and various angles of incidence along the ΓM direction of the
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surface Brillouin zone of Gr. Spectra on panel (a) were measured using 19 meV
He beam, we can identify clearly two nondispersing modes one with a small
intensity at 4.6 meV and a more dominant one at 7.2 meV, we also observe a
dispersing feature that can be clearly resolved for |∆θi | ≥ 5°. The feature at
0 meV is the diffuse elastic peak.
The spectra on panels (b and c) were measured using a higher beam energy
(32 meV), the 7.2 meV peak is the most dominant feature, it also appears at
−7.2 meV for angles farther that −10° from the specular position (equivalent to
θi ≥ 62.7°). Panel (c) is a continuation of the TOF series in (b) with a close-up
of the vertical axis, it shows how the intensity of the −7.2 meV feature becomes
larger than that of the diffuse elastic peak at an angular position far from the
specular position. Note that negative ∆θi values mean that the incident angle
is larger than the specular and thus, corresponds to larger values of Ki relative
to the specular position.
The intensity of the diffuse elastic peak decreases with increasing |∆θi |.
However, a fit of the intensities of this peak showed that it is proportional
to 1/∆K and thus, the decrease of intensity is slower than what would be
expected from only point or only line defects. The intensity of the diffuse
elastic peak in Gr/Ir(111) TOF spectra is in general much smaller than that of
Gr/Ru(0001) [71]. This is a counterintuitive observation since Gr/Ru(0001)
usually grows in very good quality compared toGr/Ir(111). Due to theweakGr-
Ir interaction, the graphene layerwhich requires a high preparation temperature,
suffers wrinkling upon cooling down. These wrinkles are expected to increase
the intensity of the diffuse elastic peak. This observation can indicate an effect
of the moiré corrugation on the diffuse elastic peak.
Our measurements show that the 4.6 meV feature is well resolved for low
beam energies (< 20 meV) whereas it disappears completely when using a
slightly higher energy (> 30 meV) (see Fig. 4.14). The 4.6 meV feature was
not detected using a 32 meV beam energy even when using the same angles
as in panel (a), despite of the low energy spread of the incident beam (2%).
The 7.2 meV mode in panel (b) of Fig. 4.14 starts dispersing at ∆θi = −10°.
The spectra in this panel also show another nondispersing feature at ∼ 14 meV.
The intensity of this mode appears to dominate to spectra for |∆θi | ≥ 10°.
These two modes overlap and become hard to resolve with increasing |∆θi |,
the derived phonon dispersion from this overlapping appears as an anomalous
mode.
Figure 4.15 shows the experimentally determined vibrational modes of
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Figure 4.15: Vibrational modes of Gr/Ir(111) measured by HAS (black circles) com-
pared with the RW of Ir(111) measured by HAS (dashed red line), also LA mode
of Gr/Ir(111) is plotted (dashed black lines) [191]. Solid and dashed green lines are
different fits of the ZA mode using Eq.(4.4). See text for the dashed yellow curve.
Gr/Ir(111) measured by HAS in black circles. The horizontal lines at 4.6 and
7.2 meV indicate well resolved features in the TOF spectra which can be seen
in panel (a) in Fig. 4.14. We have also measured the RW of clean Ir(111), it is
plotted in a red dashed line on the same graph for comparison.
The solid and dashed green curves are fits of two different flexural modes
of Gr/Ir(111) using Eq.(4.4). The two modes have different energies at the
surface Brillouin zone center Γ, ω0 = (7.2 ± 0.5)meV for the solid curve and
ω0 = (4.6 ± 0.7)meV for the dashed curve. From this fit we could obtain a
bending rigidity and coupling strength for Gr/Ir(111). The solid curve yields
κ = (0.80 ± 0.07) eV and g = (10.3 ± 1.5) × 1019 N/m3 and the dashed curve
yields κ = (0.86 ± 0.05) eV and g = (3.6 ± 1.0) × 1019 N/m3. Note that the
value of the coupling strength for Gr/Cu(111) ((5.7 ± 0.4) × 1019 N/m3) falls
between the two values obtained for Gr/Ir(111).
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The observation of two flexural modes can be attributed to the presence
of two rotational domains 0°R and 30°R. ARPES measurements showed that
the 30°R domains are physisorbed while 0°R are chemisorbed on the Ir(111)
substrate [154], and thus, it makes sense that two coupling strengths from two
different rotational domains can be measured. However, we have used LEED
to verify the presence of only the 0°R domain before the measurement which
raises doubts about this conclusion.
The anomalous mode, plotted in a dashed yellow line in Fig. 4.15, with
ω = 14 meV at Γ results from the aforementioned nondispersing feature in Fig.
4.14.b which overlaps with the ZA mode. The energy of this mode appears
to be an overtone of the 7.2 meV mode. Such an overtone has also been
observed for Gr/Cu(111) (see Fig. 4.8), although with much lower intensity.
The dispersing part of this mode, along with the nondispersing data points
from the two ZA mode (with wavevector > 0.5Å−1) appear to be a result of
Umklapp scattering process. In this process, phonons with wavevectors larger
than that of the reciprocal lattice vector of the moiré superstructure can scatter
back to a different moiré Brillouin zone which reduces their wavevector. It is
worth mentioning that Endlich et al. [191] reported the observation of what
they called replicas of the ZA mode induced by the moiré superstructure in
their HREELS measurements of Gr/Ir(111) phonon dispersion curves.
An interesting effect was observed when a TOF spectrum was collected
at the position of a moiré diffraction peak using a high beam energy. Since
diffraction peaks are elastic in nature, the dominant feature in the TOF spectra
at these angular positions is expected to be the elastic peak where ∆E = 0.
However, our measurements showed a different result. Panel (a) in Fig. 4.16
shows a series of TOF spectra taken with He beam of energy Ei = 66 meV and
different ∆θi relative to the specular position. Another TOF spectrum taken at
the specular position (not shown) was used to determine Ei andmark the elastic
peak position. Panel (b) shows an angular diffraction spectrum with the same
beam energy, the vertical lines indicate the angular position at which the TOF
spectrum of the same color was collected. The red-to-orange TOF spectra show
the dispersion of the ZA mode, while the green spectra which coincide with
the first and second order moiré diffraction peaks show a significant increase
of the 7.2 meV peak.
Panel (c) in Fig. 4.16 shows TOF spectra measured with an 18 meV He
beam and panel (b) shows an angular diffraction spectrum with the same
beam energy. As expected, the intensity of the diffuse elastic peak increases
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Figure 4.16: (a and c) TOF spectra at angles indicated in the legends using beam ener-
gies Ei = 66 and 18 meV, respectively. (b and d) Angular diffraction from Gr/Ir(111)
with the same Ei in panels to their left, colored lines indicate angular position TOF
spectra of the same color.
significantly when conducting a TOF measurement in the angular position of
a diffraction peak. Note that the intensity of the 4.6 meV mode is significantly
larger than that in Fig. 4.14.a. Although, the TOF spectra in figures 4.14
and 4.16 show that the detection of the 4.6 meV mode depends on the incident
beam energy, it is not clear how this small change in beam energy can cause
such an increase in the mode intensity. Theoretical calculations are needed for
further understanding of this data.
Whereas, interpreting the presence of twoZAmodes as a result of rotational
domains is appealing, other observations like the low intensity of the diffuse
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elastic peak and our LEED measurements weaken this assumption. Also the
observation of the high intensity of the 7.2 meV mode at the angular positions
of moiré diffraction peaks indicates that the moiré superstructure might play a
role in the presence of two ZA modes. Since the moiré structure shows a large
corrugation of ∼ 0.3Å and the mean graphene-Ir(111) separation is ∼ 3.4Å
[192], it is possible that the regions farthest from the substrate have slightly
different lattice dynamics that the regions closest to the substrate. In fact, DFT
calculations [192] showed that the binding of the 0°R is not pure but is rather
chemically modulated, where the carbon atoms in the moiré regions closer to
the substrate form a weak covalent bond with Ir atoms. It is worth mentioning
that Wu et al. [78] reported HREELS measurements for Gr/Ru(0001) where
the ZA mode approached ∼ 27 meV at the Γ point, whereas Maccariello et al.
[71] used a double linear chain model to fit HAS data for Gr/Ru(0001) and
obtained a value of ∼ 16 meV for the ZAmode at the Γ point. This discrepancy
requires a careful analysis, however, it falls in-line with our argument of the
distinguishable moiré regions in phonon dispersion curves. Thus, there are
actually two identifiable regions inside the moiré cell and the lattice dynamics
are slightly different between them. We could identify the 4.6 meV mode as
the one from the heights and the 7.2 meV mode as the one from the valleys of
the moiré corrugation.
On the moiré corrugation of Gr/Ru(0001)
We have discussed earlier in Section 3.3.2 the corrugation of the moiré super-
structure in Gr/Ir(111) and Gr/Ru(0001) and showed how HAS measurements
indicated a much higher corrugation for the former. Clearly, this result contra-
dicts the observations from other surface analysis techniques. However, in this
chapter we have discussed how the Debye-Waller measurements revealed that
HAS intensities are sensitive to the Gr-substrate bond strength, we have also
found that phonon measurements indicate that HAS is sensitive to very small
variations of the bond strength within the moiré unit cell as concluded from
the phonon dispersions of Gr/Ir(111).
Now, consider the case of Gr/Ru(0001); the lowest regions of the moiré
superstructure are separated from the substrate by 2.1Å and the highest regions
by 3.6Å [61]. It is clear from the above observations that helium atoms
impinging on these two regions are sensing two different surface masses. The
lowest regions are almost 2.5 times as massive as the heights. As a result,
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the two regions will give two different Debye-Waller factors. This should
be considered when normalizing the intensities of the diffraction peaks using
Debye-Waller factor as required for theoretical calculations. The measured
intensity of specular HAS can be a result of reflection from only the lowest
regions with a high effective mass while the high regions will have a negligible
contribution. On the other hand, the intensity of the moiré peaks results from
the interaction of He atoms with the two regions within the moiré unit cell
where the contribution from the high regions is not negligible. Therefore, the
intensities of the moiré diffraction peaks cannot be normalized to the intensity
of the specular peak as was done for HAS measurements from Gr/Ru(0001)
[157].
In fact, classical scattering of high-energy heavy-noble-gas atoms from
room temperature Gr/Ru(0001) showed the same effect. Shichibe et al. [167]
performed two-mass simulations using the classical smooth surface model and
found that their scattering measurements can be explained only by assuming
two different masses of the surface: one was equivalent to the mass they used
for HOPG and the other one is heavier by including a contribution from the
substrate.
This observation is interesting as it shows how HAS provides spatial reso-
lution below 20 nm for spectroscopic measurements.
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Suppression of Quantum
Coherence in Ne Atom Scattering
Helium is the preferred projectile gas in surface analysis by atom scattering
due to its low mass and thus relatively large wavelength. The use of heavy-
noble-gas atoms is disfavored in spectroscopy measurements, especially on hot
surfaces, due to increasing thermal attenuation of the scattered beam where
incoherent dynamics play an increasing role in the scattering process compared
with the quantum part [193]. However, neon has been shown in many cases
to give richer information about the surface [83, 85]. DFT calculation of rare-
gas scattering from Ru(0001) [86] showed that anticorrugation effects are not
present in Ne diffraction, contrary to He and Ar. Therefore, it is expected that
a better contrast can be obtained using Ne in the neutral atom microscope.
Quantum effects can persist in atom-surface scattering even at high trans-
lational energies in spite of an expected transition from the quantum to the
classical regime due to a small de Broglie wavelength, where energy-loss pro-
cesses through purely mechanical exchange have been predicted to have an
important effect on the distribution of the scattered lobe of projectile atoms
[194]. For example, grazing-angle atom scattering with keV energies has pro-
duced quantum diffraction patterns, which is possible because only a small
amount of the projectile’s energy is dissipated to the crystal lattice under chan-
neling conditions, even at high surface temperatures [195, 196, 197]. Even
more intriguing is the restoration of quantum coherence in Ne scattering from
c(2×2)Li/Cu(100), where the low-energy out-of-plane phonons are suppressed,
since high frequency phonons are not easily excited in a low energy collision
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(which is the case for Ne scattering) phonon exchange is rendered ineffec-
tive. This results in the quenching of the argument of the Debye-Waller factor
(2W(TS)), which has been shown to be related to the phonon density of states
(spectral density) [198, 199, 200].
While grazing-angle scattering measurements are an interesting example
of the persistence of quantum coherence, despite the high projectile energies
employed, we show here how the coherence can be almost completely lost for
low beam energies due to a small increase in the surface temperature. We show
angle-resolved and energy–resolved scattering measurements of Ne atoms with
translational energy of 66 meV from a Ni(111) surface at temperatures up to
420 K andwe compare our data to the earlier Ne scatteringwork of Feuerbacher
andWillis [201] from this same surface. Although the Debye-Waller factor can
be relatively large for this system, as evidenced by the appearance of a well-
defined quantum specular diffraction peak at lower temperatures, increasing the
temperature from 300 to 420 K results in losing all single-phonon features in
the TOF data. We also show that a classical model, described in Section 1.3.3,
provides very good description of the measured data at these slightly higher
temperatures despite the presence of a small quantum specular reflection from
the surface.
The investigation of the quantum-to-classical boundary is certainly an im-
portant issue, and here we discuss the possibility of using atom-surface scatter-
ing experiments to explore this subject. A secondmotivation for understanding
inelastic losses in atom-surface scattering is the need to improve the reflectivity
ofmirrors for potential use in scanningmatter-wavemicroscopy [15, 19, 21, 76].
Yet another need for understanding the nature of classical features is that in
some circumstances they can appear as peaks in the energy-resolved spectra
that mimic the appearances of single-phonon quantum excitations; for example,
a classical feature can bemistaken for an anomalous phonon or plasmon disper-
sion when its energy is mistakenly plotted as a function of parallel momentum
transfer [202].
5.1 Neon Diffraction from Clean Metals
Figure 5.1 (left panel) shows angular distributions of He and Ne atoms scat-
tered from a clean Ni(111) surface, taken with fixed θSD and plotted as a
function of ∆θi relative to the specular position. The beam energy in all these
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Figure 5.1: Left: Angular distributions of He and Ne scattered from Ni(111) at
different surface temperatures and plotted on a logarithmic scale. The incident energy
is 66 meV. The vertical line at 0° is for visual guidance. The inset is a close-up of
the vicinity of the specular peak where the intensity is plotted in a linear scale. Right:
Two Gaussian peak fit of the magenta diffraction spectrum from the left panel.
spectra is 66 meV, and the incident direction is along the high-symmetry di-
rection ΓM. The black spectrum exhibits He-diffraction peaks from a cold
Ni(111) surface (100 K); the position of the peaks corresponds to a periodic-
ity of (2.48 ± 0.02)Å, in agreement with the nearest-neighbor distance on the
Ni(111) surface. Increasing the surface temperature to 300 K (red spectrum)
lowers the intensities of the diffraction and specular peaks and gives rise to a
broad background peak resulting from inelastic scattering. This background
is slightly shifted to the left (subspecular) in comparison with the spectrum
measured at 100 K.
The inelastic background is more prominent in the angular distribution
spectra recorded for Ne scattering. Diffraction peaks are visible in the spectrum
measured from a cold surface (blue) at ∆θi = ±(5.9 ± 0.6)° from the specular
position. When the surface temperature is increased, the intensity of both
the specular and diffraction peaks is strongly reduced (magenta spectrum).
This behavior is similar to the one observed for He scattering, however, there
is a noticeable difference; in comparison with the case of He scattering the
122
Diffraction
Table 5.1: Parameters used in fitting the angular distribution spectra in Fig. 5.1 by two
Gaussian peaks. A is the area under the inelastic peak normalized to the elastic peak
for each spectrum. C is the shift in degrees of the center of the inelastic peak relative
to the elastic peak. FWHM and FWHMe are the widths in degrees of the inelastic and
elastic peaks, respectively. Beam energy is 66 meV, and TS is the surface temperature.
Gas TS (K) A C FWHM FWHMe
He 100 0.4 0.04 0.76 0.13
300 0.9 -0.10 0.53 0.14
Ne 150 5.3 0.23 4.38 0.21
420 61.4 0.00 7.80 0.21
asymmetry in the inelastic background is observed even for the cold surface in
the case of Ne where it is shifted to the right (supraspecular). We have chosen
the temperature 420 K for our measurements because the Ni(111) surface gets
contaminated quickly with adsorbates from the residual gases in the scattering
chamber (mainly H2) below this value. This contamination is very easily
detected by HAS due to the large cross section of He scattering from single
defects on the surface [5].
Table 5.1 summarizes the results of performing a two Gaussian peak fit
to all the spectra shown in Fig. 5.1 (left panel). The intensity (area under the
peak) of the inelastic peak relative to that of the elastic peak is shown by A.
Whereas this value is smaller than 1 in the case of He scattering, it increases
up to 61 for Ne scattering, indicating that inelastic scattering becomes the most
important feature for this system. Actually, the background in the He spectra
follows mostly a 1/∆K2 form, where ∆K is the momentum exchange parallel to
the surface, rather than a Gaussian distribution. As discussed in more details in
Section 3.2.2, this is an effect of surface defects, which also appears in the Ne
angular distributions as a fit residual but with less significance. Therefore, the
intensities for He peaks in Table 5.1 serve only for a qualitative comparison.
C in Table 5.1 gives the angular shift (in degrees) of the center of the
inelastic peak relative to the elastic one. We have shown a similar comparison
in Section 3.2.2, where the inelastic peak shifts by changing the surface tem-
perature or the beam energy for He scattering from Gr/Ni(111). This explains
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why the angular distributions of the scattering of heavy Ne from a hot surface
and of light He from a cold surface are symmetric, while the inelastic peak in
the case of Ne scattering from a cold surface is supra-specular and that of He
scattering from a hot surface is subspecular.
The widths of the inelastic peaks (FWHM) and the elastic peaks (FWHMe)
are shown in the last two columns in Table 5.1. While the elastic peak main-
tains its width for different surface temperatures, as expected from the Debye-
Waller model [5], the width of the inelastic peak increases significantly. The
broadening of the inelastic peak with increasing temperatures agrees with the
predictions of the SSMmodel of Eq.(1.14) and with the calculations done with
a classical theory by Pollak and Miret-Artés [203] for the scattering of Ar from
the Ag(111) surface.
The parameters of the calculation using the SSM model were fitted by
weighted least-squares, giving lower weight to data points close to ∆E = 0
since they show a substantial quantum component. The surface effective mass
was M = 164.1 amu, equivalent to the mass of 2.8 Ni atoms. The phonon
average velocity was vR = 2606.5 m s−1. These values are consistent with
those used previously for heavy-rare-gas scattering from clean-metal-surfaces
[110, 165].
Debye-Waller factor The validity of the theoretical smooth surface model
(SSM) for classical scattering [98], discussed in Sec. 1.3.3, requires that the
Debye-Waller exponent 2W(TS) in Eq.(1.13) is much larger than 1. However,
it is not easy to obtain the value of 2W(TS) directly by measuring the thermal
attenuation behavior of Ne scattering from Ni(111) mainly due to two factors:
(1) the surface gets contaminated quickly at low temperatures, affecting the
specular peak intensity, and (2) the inelastic background overcomes the spec-
ular peak quickly with increasing surface temperatures. Therefore, we have
performed a comparative extrapolation by comparing the values of the mass-
normalized factor for He and Ne scattering from Gr/Ni(111), shown earlier in
Fig. 4.6. Since this is an inert surface, it remains clean at low temperatures.
In addition, the effective surface mass M in Gr/Ni(111) is sufficiently high and
expected to be similar to that of clean Ni(111) due to the strong Gr-Ni bond
[70, 204]. These properties allow for the measurement of the Debye-Waller
factor for Ne scattering fromGr/Ni(111), and the resulting values of 2W(TS) are
expected to be similar for Ne scattering from clean Ni(111) since these surfaces
show similar low–energy phonon dispersions which are largely responsible for
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the inelastic scattering [70, 200].
One of the main underlying reasons for the analysis of the Debye-Waller
factors in this work is to show that 2W(T) for Ne scattering from clean Ni(111)
in the temperature range of these experiments is large enough for the classical
SSM of Eq.(1.14) to be valid. From the data shown in Fig. 4.6 and Table 4.1 the
value of 2W(TS) for Ne scattering from the Gr/Ni(111) surface can be extrapo-
lated to give 2W(420) ≈ 10, implying that the classical theory is valid for that
system. If we make the reasonable assumption, as was directly measured for
He scattering, that also for Ne and clean Ni(111) the 2W(420) is only slightly
smaller than for the Gr-covered surface, and thus by such comparison, we get
2W(420) ≈ 7, a value significantly larger than unity, and therefore, the classical
theory can be applied. It is of interest to note that even if m1/2 scaling were to
be assumed, the value of 2W(420) would be about 3 or larger. A value in this
range is still large enough for the classical SSM theory to be valid.
5.2 Energy Resolved Classical Ne Scattering
TOF spectra measured by scattering of a 66 meV Ne beam from a Ni(111)
surface at 420 K for different incident angles are presented in Fig. 5.2. The data
are shown in both flight–time and energy–exchange domains after normalizing
their intensities by dividing by the maximum for each spectrum. The value (in
degrees) of the incident angle∆θi relative to the specular position is shown next
to each spectrum in the left panel. In the right panel, the component of the beam
wavevector parallel to the surface is indicated for each spectrum (in Å−1). The
blue spectrum corresponds to the specular condition (i.e. θi = θ f = 52.7°).
The absence of single-phonon features is noted, in contrast to the data
reported by Feuerbacher and Willis [201]. It is worth mentioning that the
data presented in Ref. [201] were recorded with the Ni(111) surface at 300 K,
whereas in the current study the TOF data have beenmeasuredwith the Ni(111)
surface at 420 K. Another important difference with respect to the work in Ref.
[201] is the novel observation here of multiphonon dispersion features, as
discussed in more detail below.
The energy-resolved spectra of Fig. 5.2 are explained rather well by the
SSM theory of Eq.(1.14). Fig. 5.3 shows individual spectra taken at incident
angles of ∆θi = ±4° and ±8° relative to the specular position, with the data
plotted as points and the calculations as solid curves. The positions and shape
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Figure 5.2: Time-of-flight spectra of Ne scattered from Ni(111) (left) and their con-
version to energy–exchange domain (right). The incident energy is Ei = 66 meV, and
the surface temperature TS = 420 K. Blue spectra correspond to specular condition
θi = θ f . The vertical lines indicate the center of the elastically scattered peak at
t = 2.9 ms and ∆E = 0 meV. Red dashed lines are visual guides following the maxima
of the spectra. Angles of incidence relative to the specular position ∆θi (degrees) and
the Ki(Å−1) are indicated next to each spectrum.
of the calculated peaks match those of the measurements over a large range of
the most probable energy transfer −20 meV∆E < +40 meV.
Figure 5.4 shows a comparison of widths (FWHM) and relative intensities
between the experimentally measured (black) and theoretically calculated (red)
TOF spectra using the smooth surface model. The widths (left panel) and
intensities (right panel) are presented as a function of the angle of incidence
∆θi measured relative to specular position and the corresponding values of Ki
the component of incident wavevector parallel to the surface are indicated on
the top axis.
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Figure 5.4: Comparison of the width (left panel) and intensity (right panel) of the
time-of-flight spectra between experiment (black circles with dashed lines) and theory
(red circles with solid lines). Experimental data were taken from spectra in the energy-
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The calculated FWHM values increase monotonically with increasing val-
ues of Ki. In the experimental points, the only outlier is the peak width at the
specular condition, but this is because the intensity at this point is dominated by
the elastic specular diffraction peak and its broadness due to the angular spread
of the incident beam. As can be seen from the angular distributions presented
in Fig. 5.1 an important component of the intensity of scattered Ne atoms at
this angle is due to coherent elastic scattering, which explains the presence
of a sharper TOF peak. Excluding the TOF spectrum taken at the specular
condition, the theoretical model qualitatively reproduces the experimental data
to a reasonable degree.
The right panel of Fig. 5.4 shows the intensities of the TOF spectra as
a function of incident angle ∆θi, measured relative to the specular position.
The data points for θi near the specular position appear artificially large, again
because of the influence of the elastic intensity in the region near the specular
position. The data point at ∆θi = −1° is apparently spurious. The calculations
of the classical smooth surface model predict the same general trends as ob-
served in the experiment; that is, the intensities are largest at incident angles
near the specular position, and then these intensities diminish as the incident
angle deviates from the specular region.
Figure 5.5 shows the dispersions of the surface phonon modes of Ni(111),
namely, the Rayleigh wave (RW) and the longitudinal resonances (LR) mea-
sured by helium scattering (blue circles). The two modes are well resolved
and match the calculated surface phonon modes of Ni(111) shown by dashed
gray lines [205]. The He TOF measurements were conducted over a range
of different surface temperatures from 100 to 460 K. Several scan curves for
Ne are also shown in red dotted lines, they are labeled by their corresponding
incident angles ∆θi.
The peak positions of the energy-resolved inelastic spectra of Fig. 5.2 are
shown in Fig. 5.5 as red dots, where they give the appearance of a dispersive
phonon mode of large energy as a function of ∆K . However, this is clearly a
false, or anomalous, mode because it is a multiphonon feature and cannot be
assigned a specific value of ∆K according to the single-phonon scan curve.
The way these points were assigned was that for each inelastic spectrum of
Fig. 5.2 its most probable energy (the peak position energy) was assigned a
value of ∆K according to where that peak energy fell on the scan curve for
the corresponding incident angle ∆θi, i.e., essentially the same way such a
∆K assignment is made for a peak due to a true single–phonon excitation.
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Figure 5.5: Blue circles are measured phonon dispersion curves using He scattering
from a Ni(111) surface. Dashed gray lines are calculations of the Rayleigh wave (RW)
and longitudinal resonance (LR)modes [205]. Red circles are themeasured anomalous
dispersion curve (actually a multiple phonon feature) by Ne scattering obtained from
Fig. 5.2. Green circles are calculations performed with the SSM model. Red dotted
lines are example scan curves for Ne scattering at selected ∆θi as indicated on each
curve.
Therefore, since the inelastic features of Fig. 5.2 are classical and multiphonon
in nature, the application of the single-phonon scan curve is inappropriate.
In addition to the fact that this anomalous mode persists at a temperature
and incident energy sufficiently large that no other single-phonon peaks appear,
there are additional indications that it is not a single-phonon excitation. For
example, its “apparent" phonon dispersion lies at energies much larger than
any surface mode expected for the Ni(111) crystal face. Another indication is
that the anomalous mode appears for positive ∆E only in the fourth quadrant of
Fig. 5.5 and for negative ∆E only in the second quadrant, whereas data points
for the known RW and LR phonon modes appear in all quadrants of Fig. 5.5.
The appearance of the anomalousmode only in the fourth and second quadrants
of Fig. 5.5 is predicted by the classical calculations of the SSM theory.
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5.3 Ne Scattering from Graphene/Metal Surfaces
Since a passivated surface is of more importance for the focusing mirror, we
compare here the scattering of Ne from Ni(111) to that from Gr/Ni(111).
We present also diffraction measurements of He and Ne from the Gr/Ir(111)
surface. According to Debye-Waller model the multi-phonon background will
increase and elastic features will decrease depending on the surface effective
mass and Debye temperature. Because Ne travels at lower speeds than those of
He (795 and 1780 m/s with Ei = 66 meV, respectively) it will have more time
to interact with surface phonons, increasing the probability of multiphonon
scattering.
Gr/Ni(111)
Figure 5.6 shows a comparison between the angular diffraction spectra of Ne
scattered from Gr/Ni(111) and Ni(111) using three different beam energies,
both surfaces were at low temperatures during the measurements. Intensity
values of scattered Ne from Gr/Ni(111) are shown on the left vertical axis and
those from Ni(111) on the right one.
The width of the diffraction peaks is an indicator of the quality of the
beam and the studied surface, in addition to an intrinsic instrumental width
as was discussed earlier in Section 2.2. Widths and normalized intensities of
several diffraction peaks of Ne scattering from Gr/Ni(111) are shown in Table
5.2. Using Eq.(2.10) and assuming the broadening due to surface quality to
be negligible in comparison with other broadening factors we can separate the
instrumental broadening from the broadening due to beam quality. Finally
using Eq.(2.6) we can obtain an average energy spread of 3% in the incident
Ne beam (for Ei = 43.1 meV), whereas TOF measurements gave an energy
spread ∆E/Ei = 10%.
The relatively high corrugation of Gr/Ni(111) compared to Ni(111) results
in the high intensity of the diffraction peak, second order peaks also appear,
and even a trace of the third order diffraction peak can be seen for 43 meV.
Peak intensities relative to the specular peak are shown in Table 5.2.
The intensity of the specular peak in Gr/Ni(111) is almost 10% of that in
Ni(111) whereas the inelastic background is higher and broader. The value
of out-of-plane Debye temperature of Ni(111) is 230 K [168] and 1287 K for
graphene [55]. And since it appears squared in the argument of Debye-Waller
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Figure 5.6: Angular diffraction of Ne scattering from Ni(111) and Gr/Ni(111) using
different beam energies indicated on each panel. Surface temperature was 170 K for
Ni(111) and 115 K for Gr/Ni(111).
factor, a change in Debye temperature would have a much higher effect on the
reflectivity than a change in the surface atomic mass. We should expected an
increase of 5 orders of magnitude in Ne reflectivity from Gr/Ni(111) compared
to that of Ni(111) at low surface temperatures as a result of increased Debye
temperature. Since diffraction measurements exhibit a decrease of one order of
magnitude, the only interpretation can be that these two surfaces have similar
Debye temperatures and the difference of reflectivity between them can be
explained by the change in the interaction potential. In fact, if we assume the
surface effective mass as discussed earlier in Section 4.1 (i.e. Me f f (Gr/Ni) =
131
Ne Scattering
Table 5.2: Widths and normalized intensities of diffraction peaks in Ne scattering
from Gr/Ni(111) spectra using different beam energies.
Ei (meV) FWHM (deg) I/I00 (%)
(0,0) (1¯, 0) (2¯, 0) (1¯, 0) (2¯, 0)
43.1 0.22 0.62 1.2 72 8
53.8 0.18 0.38 0.76 39 4
67.8 0.23 0.56 0.86 53 5
M(Ni) + 6M(C)) and the same Debye temperature for both Gr/Ni(111) and
Ni(111) surfaces we can use Eq.(1.13) to obtain a rough estimate of the value
of the depth of the Ne-Gr/Ni(111) interaction potential D =∼ 45 meV.
Gr/Ir(111)
Debye-Waller model predicts an 80% decrease of the specular peak intensity
when the projectile gas is Ne instead of He, because the value of the exponent
of the Debye-Waller factor becomes 5 times larger. Our measurements on
Gr/Ir(111), however, indicate a much larger decrease. Figure 5.7 shows angular
distributions of scattered He (black) and Ne (red) fromGr/Ir(111) surface at the
same surface temperature and beam energy; the only difference is the projectile
mass. While He scattering gives many intense and sharp diffraction peaks, Ne
scattering gives awide backgroundwith no elastic features. The only difference
between the two spectra involved a change in the projectile mass. This does
not explain the dramatic change in reflectivity according to the conventional
Debye-Waller model, which worked well for surfaces of single crystals.
We note that we could not find any publications on Ne scattering from
graphitic surfaces. However, A. Levi andH. Suhl [206]mentioned unpublished
measurements by P. Cantini ofNe scattering fromgraphite(0001) surfacewhere
no diffraction peaks were detected. This observation was explained as a result
of the large well depth of the Ne-graphite interaction potential. Ne travels at
low speeds (relative to the lattice atomic vibrations) and high energies (relative
to the lattice phonons), furthermore, carbon is light compared with Ne. This
results in what can be pictured as a heavy atom impinging on a soft lattice
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Figure 5.7: Angular scattering spectra of He (black) and Ne (red) from Gr/Ir(111)
surface. Ei = 66 meV and TS =∼ 120 K
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Figure 5.8: Angular scattering spectra of Ne from Gr/Ir(111) (green to orange) with
TS =∼ 120 K and different beam energies, and from Ir(111) (red) with Ei = 21 meV
and TS = 650 K.
where the surface has enough time to adjust to the position of the slowly
moving projectile [206], this picture is similar to a football hitting the goal net.
The Debye-Waller model assumes a weak and fast scattering, it was originally
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developed for photon and electron scattering then later adapted for He atom
scattering from surfaces. Ne scattering from Gr/Ir(111) is a large deviation
from this assumption.
Fig. 5.8 shows scattering spectra of Ne from Gr/Ir(111) at surface temper-
ature TS = 120 K and different beam energies 65 to 21 meV. For comparison,
a Ne scattering spectrum from Ir(111) using 21 meV and TS = 650 K is also
plotted (red line). Our measurement agrees with the interpretation of Levi
and Suhl where we observe a reduction of the scattered intensity of Ne from
Gr/Ir(111) with decreasing beam energies, which can be attributed to trapping
by the Ne-surface potential. On the other hand, the diffraction spectrum of Ne
from Ir(111) produces a sharp specular diffraction peak.
Comparing Ne scattering from Gr/Ni(111) and Gr/Ir(111) indicates that
the interpretation of Levi and Suhl provides only half the picture. Our mea-
surements clearly show that the effective mass of the surface atoms is more
important than the surface potential, since the Ne-surface potential is expected
to be similar for the two graphene terminated surfaces whereas the effective
mass (which is affected by the Gr-substrate interaction strength) is the main
difference between them. The measurements presented here along with the
ones presented in Section 4.1 indicate that understanding the diffraction inten-
sities in noble gas scattering from surfaces of layered materials requires a more
complicated model, where phonon dispersions and density of states along with
the interlayer interactions are included.
Discussion
In this chapter we have made a comparative analysis of He and Ne scattering
from a cleanNi(111) surface and graphene covered surfaces. Using the heavier-
rare-gas projectile Ne provides an interesting system with which to examine
the decoherence transition from quantum-mechanical coherence to classical
incoherent scattering, and this is studied mainly as a function of increasing
surface temperature and also by increasing the incident translational energy.
The mechanism causing the quantum decoherence is the excitation of multiple
quanta of vibrational modes. At lower temperatures and smaller projectile
mass, where the Debye-Waller factor is not significantly smaller than unity,
the Ne scattering spectrum exhibits clear quantum-mechanical features, e.g.,
specular and other nonzero reciprocal lattice vector diffraction peaks as well as
single-quantum phonon excitation peaks for the known surface-localized RW
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and LRmodes of the Ni(111) face. As either the temperature or projectile mass
is increased the Debye-Waller factor becomes smaller to the point where all
sharp quantum excitation features are suppressed, and only a classical multi-
phonon peak feature survives. Remnants of this classical, multiphonon feature
persist even at the lower temperatures and energies where clear quantum fea-
tures are observed, and we showed that if this classical feature is misinterpreted
as a single-phonon peak, it can appear as an anomalous dispersive mode in a
graph of surface phonon dispersion curves.
This anomalous dispersion mode is of interest in part because there is a
long history of classical multiphonon features being potentially misinterpreted
as single-phonon excitation in atom-surface energy-resolved spectra [202].
This anomalous feature in the energy-resolved spectra appears as a broad peak
in the intensity but not broader than is routinely observed for some known
single-phonon peaks, such as those due to the LR mode on close-packed metal
surfaces. Thus, we performed a careful analysis of this feature in order to
exclude its identification as a single-phonon peak. Although the anomalous
peak persists and is apparent in the Ne/Ni(111) energy-resolved scattering
spectra at lower temperatures and energies where true quantum peaks appear,
as shown in Fig. 5.2, it is the sole peak that remains at T = 420 K and
Ei = 66 meV because the Debye-Waller factor is so small that all quantum
features are suppressed. Additionally, the anomalous dispersion mode appears
at energy and parallel momentum combinations for which no surface-localized
phonon modes are expected to appear on Ni(111); that is, for a given parallel
momentum (falsely) obtained by assigning its energy a position on the single-
phonon scan curve, its apparent energy ismuch too large to be a believablemode
of Ni(111). Further evidence of themultiphonon nature of the anomalousmode
comes from comparison with the classical SSM theory (in Section 1.3.3). The
behavior of the intensities and FWHMs of the anomalous mode as a function
of incident angle θi are qualitatively explained. The SSM calculations explain
quantitatively the shape of the false anomalous dispersion curve when plotted
in a phonon energy vs. parallel wave vector graph. In particular, the SSM
calculations explain why the anomalous mode appears only in the second
and fourth quadrants of the graph in Fig. 5.5; that is, the multiphonon feature
appears to have positive parallel momentumwhen Ne loses energy (net phonon
creation) and negative parallel momentum when Ne gains energy (net phonon
annihilation). Thus this anomalous inelastic feature can be clearly identified
as multiphonon, and hence classical and incoherent in nature.
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There are other reasons why Ne can be a particularly interesting probe for
surface scattering experiments. Because the outer electrons of Ne are less
tightly bound than those of He, despite being in a closed-shell configuration,
they can make virtual exchange excursions into the empty D-shell states of
transition metals such as Ni as the Ne atom approaches close to the surface.
This mechanism of interaction, which is much less active for He projectiles,
gives rise to anticorrugation effects [83, 84, 86]; that is, the Ne interaction
potential can have significantly different corrugation than that encountered by
He.
The Ne/Ni(111) system has been investigated previously by Feuerbacher
andWillis [201] using similar incidentNe energies and an ambient (300 K) tem-
perature Ni(111) target, and they observed what appeared to be single quantum
excitation of phonon modes. Our investigation indicates that at temperatures
lower than about 420 K the Ni(111) surface rapidly becomes contaminated,
most likely due to a small partial pressure of hydrogen in the vacuum chamber.
Consequently, we would conclude that the earlier work of Feuerbacher and
Willis did not exhibit Ne scattering from clean Ni(111), but rather, the surface
was covered by adsorbates, and the apparent coherence in their work was more
likely a result of limiting Ne access to in-plane phonons by partial coverage of
the surface, presumably with hydrogen.
In conclusion, we have demonstrated, for the system of Ne atom scattering
from Ni(111), the transition from the regime of quantum mechanics, distin-
guished by sharp diffraction and single phonon peaks in the scattering spectra,
to the classical regime, which exhibits only a single peak feature in both the
angular-resolved and energy-resolved spectra. This transition is exhibited by
varying either the surface temperature or the incident translational energy over
relatively small and easily accessible ranges. Thus, the Ne/Ni(111) system
presents an interesting example of the transition from a quantum coherent
state, through decoherence, and onward to the classical incoherent state, and
the mechanism of the observed decoherence is the excitation of multiple quanta
of phonon modes.
Finally, we have presented a comparison of Ne scattering from Gr/Ni(111)
and Gr/Ir(111). Our measurements show that Ne-surface interaction is very
sensitive to the effectivemass of the surface atoms. The diffraction spectra from
Gr/Ni(111) are similar to those of Ni(111) due to the strong Gr-Ni interaction,
while the Gr/Ir(111) surface results in classical scattering due to the low mass
of the surface atoms in comparison with the Ne mass. When the surface
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effective mass is low enough the effect of the Ne-surface potential appears to
have an additional effect of the scattering where trapping of Ne in the attractive
potential well is observed for low beam energies. The effective mass of the
surface atoms is affected by the strength of intralayer and interlayer bonds.
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Conclusions and Remarks
This work presented systematic experimental measurements of HAS from
Gr/Cu(111), Gr/Ni(111) and Gr/Ir(111). Diffraction measurements included
the determination of the lattice structure and thermal expansion of all these sur-
faces. The study included the optimization of the preparation ofGr/Cu(111)/Al2O3
surface in collaboration with another research group to obtain a suitable sample
for HAS measurements. Angle and energy resolved measurements were used
to compare two preparation methods of Gr/Cu(111). As far as we know, this
work presented the first experimental measurements were the diffuse elastic
peak in TOF measurements was used for quality control. As part of the prepa-
ration process of Ni(111) surface an oxide layer p(2× 2)O/Ni(111) was grown,
which was found to be expanded by 14% over the Ni(111) surface.
During the work of this thesis, a LabVIEW software for the measurement
control and data acquisition setup was developed, in addition to a data analysis
software where diffraction and TOF measurements can be easily analyzed.
One of the scattering machines used in this study (ERASMO) was modified to
allow for using molecular beams other than He. This work also included the
design and fabrication of several parts shown in the Appendix.
Gr/Ni(111) was found to give a very high He reflectivity (20%) and very
low density of defects where the FWHM of the measured specular peak was
smaller than the instrumental resolution of HAS apparatus. Creating surface
defects on Gr/Ni(111) surface resulted in a 1% expansion of the surface when
the defect concentration was ∼ 1% of a monolayer. This expansion is sufficient
to accommodate the graphene lattice to that of the Ni(111).
Diffractionmeasurements of He scatteringwere used to obtain structural in-
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formation of the studied surfaces. Diffraction from Gr/Ni(111) and Gr/Ir(111)
revealed a 3-fold surface symmetry instead of the 6-fold symmetry expected
for hexagonal surfaces. This result indicates that the asymmetries in diffraction
spectra should not be dismissed as simply a result of bad adjustment of the
azimuthal orientation.
Thermal expansion measurements were used as a tool for probing the
graphene-substrate interaction. Gr/Cu(111) lattice was shown to remain con-
stant in the temperature range from 110 to 510 K even when the substrate
expands, this is an indication of the weak Gr-Cu coupling. Gr/Ni(111) lat-
tice expands in a similar way to that of Ni(111): Gr grows epitaxially on
Ni(111) creating a (1 × 1) structure where Gr is strongly coupled to the sub-
strate. Gr/Ir(111) expansion revealed an accumulated stress in the graphene
layer which can be released upon expansion. The stress release is not gradual;
it results in abrupt changes in the surface atomic structure. This behavior is
related to the moiré superstructure.
Low-energy acoustic surface phononswere determined for all three surfaces
investigated in this work. The hybridization of ZA mode of Gr with the
RW of Ni(111) indicates the strong Gr-Ni(111) interaction. ZA modes of
Gr/Cu(111) and Gr/Ir(111) are similar in the sense that no hybridization with
substrate modes was detected. However, the complicated surface structure
of Gr/Ir(111) resulted in complicated phonon dispersions of this surface. Our
measurements resulted in resolving twoZAmodes forGr/Ir(111)withω0 = 7.2
and 4.5 meV at Γ. These phonon modes are attributed to the different high
and valley regions on the moiré corrugation of Gr/Ir(111) as indicated by
observations from TOF and diffraction measurements. We could not detect
the LA mode in any of our measurements, this is a useful result in itself for
researchers investigating the contributions of different phonon modes to the
thermal conductivity of graphene-metal interfaces. Our finding falls in-line
with the theoretical predictions that ZAmode the most dominant in the thermal
properties of Gr/Cu(111) at temperatures in the vicinity of 120 K.
This work presents a systematic analysis of the graphene’s bending rigidity
and its coupling strength with different substrates, based on the first high-
resolution experimental determination of the low-energy part of the flexural
mode of graphene. Comparing the results of this work to earlier neutron
scatteringmeasurements on graphite [44] indicates that bettermeasurements on
graphite are required as it does not make sense that its ZAmode appears similar
to that of Gr/Ni(111) rather than to Gr/Cu(111), especially when considering
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Figure 6.1: Left: Comparison of ZA mode of several Gr/metals surfaces and graphite,
colors correspond to right panel. Black dotted line was measured graphite using
neutron scattering [44]. Right: Comparison of surface parameters of Debye-Waller
factor of the same surfaces. HOPG data from [166] and Gr/Ru(0001) from [23].
the interlayer bonds and distances. These results are summarized in Fig. 6.1
and Table 6.1.
The results for Gr/Ir(111) are a good example of the added complexity
of a system that includes two periodicities within the moiré unit cell. This
poses several difficulties in interpreting the data using the established theories
that were previously derived for surfaces with only one periodicity. This
includes the correlation of surface corrugation with diffraction intensities, the
angular position of diffraction peaks with increasing out-of-plane angle, the
assignments of SAR resonances, and the interpretation of low-energy phonon
modes. The results for Gr/Ir(111) have been compared to earlier results from
Gr/Ru(0001). This resulted in a reasonable explanation of the underestimation
of the moiré corrugation of Gr/Ru(0001) in earlier HAS measurements [157].
This comparison also explains the presence of two ZA modes for Gr/Ir(111)
surface and highlights a discrepancy between HREELS [78] and HAS [71]
measurements for the ZA mode of Gr/Ru(0001). There are two identifiable
regions within the moiré unit cell and the lattice dynamics are slightly different
between them. This small difference could be identified by HAS. The 4.6 meV
mode is the one from the heights and the 7.2 meV mode is the one from the
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Table 6.1: Surface properties from Debye-Waller factor; MS is effective atomic mass
of the surface and ΘD is its Debye temperature, EZA(Γ) is the energy of ZA mode at
Γ, κ is the graphene’s bending rigidity and g is the Gr-substrate coupling strength.
Surface MSΘ2D × 10−6 EZA(Γ) κ g × 1019
(amu K2) (meV) (eV) (N m−3)
Gr/Ni(111) 7.7 20 0.43 71.5
Gr/Ir(111) 3.1 7.2 0.80 10.3
4.6 0.86 3.6
Gr/Cu(111) 2.2 5.7 1.30 5.7
valleys of the moiré corrugation.
This work included a systematic study of the quantum to classical transition
in atom-surface scattering using Ne scattering from Ni(111). Angular diffrac-
tion and TOF measurements were conducted using ERASMO setup, which
required several modifications to the experimental apparatus. We have used
a straightforward classical model that provided a quantitative explanation of
the experimental results. This study showed that what is clearly multi-phonon
features can by mistakenly interpreted as anomalous single phonon mode.
Comparing our results to earlier Ne scattering measurements from Ni(111)
indicates that our measurements lie on the onset of quantum decoherence, es-
pecially thanks to the relatively low effective mass of Ni atoms. Theoretical
calculations using the smooth surface model were conducted by myself, with
help from Prof. J. R. Manson.
Ne scattering has also been used to test Debye-Waller model. We veri-
fied an m dependence of the Debye-Waller factor for Gr/Ni(111) instead of a
theoretically-predicted
√
m dependence. We compared the reflectivity and the
Debye-Waller factor for Gr/Ni(111) and Ni(111) using He and Ne scattering.
The relative reflectivity from Gr/Ni(111) compared to Ni(111) is 50% using
He and 10% using Ne. This indicates the importance of the atom-surface
interaction potential in the Debye-Waller attenuation. Moreover, this result is
inconsistent with the prediction from the Debye-Waller model when using the
surface atomic masses of carbon and nickel and the Debye temperatures of
graphene and Ni(111). This shows that the Debye-Waller model does not hold
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for layered materials. Our measurements of Ne scattering from Gr/Ir(111)
show that the “soft lattice model” is a valid description of the experimen-
tal finding, we have also verified the trapping effect due to the large Ne-Gr
interaction potential depth.
Debye-Waller measurements along with angular diffraction of Ne from the
studied surfaces showed sufficient evidence that the conventional Debye-Waller
model cannot be used for describing gas scattering from layeredmaterials, since
the effective atomic mass of the surface appears multiplied to the ambiguous
surface Debye temperature in the Debye-Waller factor exponent. This results
in an erroneous derivation of the Debye temperature of the surface. However,
the slope of the Debye-Waller attenuation measurements is a useful method
for obtaining qualitative yet valuable information on the interlayer coupling
strength.
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En esta tesis se realizó un estudio sistemático de la estructura y dinámica
de grafeno crecido en Cu(111), Ir(111) y Ni(111) mediante la Dispersión
Atómica de Helio (HAS, Helium Atom Scattering). Las medidas de difracción
incluyeron la determinación de la estructura atómica de la red y la expansión
térmica de las superficies mencionadas. El estudio incluyó la optimización del
método de preparación de la superficie de Gr/Cu(111)/Al2O3 en colaboración
con otro grupo de investigación de modo que sean aptas para realizar medidas
con HAS.
Se usaron medidas de difracción y tiempo de vuelo para comparar dos
métodos de preparación de Gr/Cu(111). Hasta donde sabemos, este trabajo
presenta las primeras medidas experimentales donde se usó el pico elástico
difuso en las medidas de TOF para el control de calidad de superficies. Como
parte del proceso de preparación de la superficie de Ni(111), se hizo crecer una
capa de óxido p(2 × 2)O/Ni(111), y se encontró que esta capa está expandida
un 14% más que la superficie de Ni(111).
Una parte del trabajo de esta tesis consistió en el desarrollo de software de
LabVIEW para el control de medición y la adquisición de datos, además de un
nuevo software de análisis de datos con el que las medidas de difracción y TOF
pueden ser fácilmente analizadas. Una de las máquinas de dispersión utilizadas
en este estudio (ERASMO) se modificó para poder utilizar haces moleculares
diferentes de He. Este trabajo también incluyó el diseño y la fabricación de
varias piezas y montajes presentados en el Apéndice.
En Gr/Ni(111) se midió una reflectividad muy alta (20%) y una densidad
muy baja de defectos en la superficie, donde el FWHM del pico especular
medido es menor que la resolución instrumental del aparato HAS. La creación
de defectos superficiales en la superficie de Gr/Ni(111) dio como resultado
una expansión del 1% de la superficie, cuando la concentración de defectos es
∼ 1% de una monocapa. Esta expansión es suficiente para acomodar la red de
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grafeno a la del Ni(111).
Las medidas de difracción de He se utilizaron para realizar una caracter-
ización estructural de las superficies estudiadas. Las medidas de difracción
en Gr/Ni(111) y Gr/Ir(111) revelaron una simetría de 120° de la superficie,
en lugar de 60°, que es la esperada para superficies hexagonales. Este re-
sultado indica que las asimetrías en los espectros de difracción no deben ser
simplemente descartadas como un resultado de un mal ajuste de la orientación
azimutal.
Las medidas de expansión térmica se utilizaron como una herramienta
para probar la interacción grafeno-sustrato. La constante de red de Gr/Cu(111)
no cambia en el rango de temperaturas desde 110 a 510 K incluso cuando el
sustrato se expande, esto es una indicación del acoplamiento débil de Gr-Cu.
La red de Gr/Ni(111) se expande de manera similar a la de Ni(111): el Gr crece
epitaxialmente sobre Ni(111) creando una estructura (1 × 1) donde el Gr está
fuertemente acoplado al sustrato. La expansión Gr/Ir(111) reveló una tensión
acumulada en la capa de grafeno que se puede liberar tras la expansión. La
liberación de estrés no es gradual, sino que se da mediante cambios abruptos
en la estructura atómica de la superficie. Este comportamiento se relaciona
con la superestructura moiré.
Se ha estudiado por primera vez el modo de fonones ZA (“flexural mode”)
del grafeno en varias superficies a muy bajas energías (debajo de 10 meV).
La hibridación del modo ZA de Gr con el RW de Ni(111) indica una fuerte
interacción Gr-Ni(111). Los modos ZA de Gr/Cu(111) y Gr/Ir(111) son simi-
lares en el sentido de que no se detectó hibridación con los modos del sustrato.
Sin embargo, la compleja estructura de la superficie de Gr/Ir(111) resulta en
curvas de dispersión de fonones más complicadas. Nuestras medidas muestran
la presencia de dos modos flexurales en Gr/Ir(111) con ω0 = 7.2 y 4.5 meV en
Γ. Estos modos de fonones se atribuyen a las diferentes regiones altas y bajas
en la corrugación de la estructura de moiré en Gr/Ir(111), como indican las
observaciones en las medidas de TOF y difracción. No hemos podido detectar
el modo LA en ninguna de nuestras medidas, lo que representa un resultado
muy útil para quienes investigan la contribución de los diferentes modos de
fonones en la conductividad térmica en la interfaz grafeno-metal. Nuestro
resultado está en línea con las predicciones teóricas que indican que el modo
ZA es el que domina las propiedades térmicas de Gr/Cu(111) a temperaturas
cercanas a 120 K.
Este trabajo presenta un análisis sistemático de la ligadura grafeno-metal,
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como la llamada “bending rigidity” para estos sistemas. Este análisis se efectuó
usando las medidas experimentales de alta resolución a baja energía del modo
“flexural” del grafeno. La comparación de los resultados de este trabajo con
medidas anteriores con dispersión de neutrones en grafito [44] indica que se
requieren mejores medidas en grafito, ya que no tiene sentido que su modo
ZA aparezca similar al de Gr/Ni(111) en lugar de Gr/Cu(111), especialmente
cuando se consideran los enlaces y distancias entre capas. Estos resultados se
resumen en la Fig. 6.1 y la tabla 6.1.
Los resultados para Gr/Ir(111) son un buen ejemplo de la complejidad aña-
dida de un sistema que incluye dos periodicidades dentro de la celda unidad
de moiré. Esto plantea varias dificultades en la interpretación de los datos
utilizando las teorías establecidas que se derivaron previamente para las super-
ficies con una sola periodicidad. Esto incluye la correlación de la corrugación
con las intensidades de difracción, la posición angular de los picos de difracción
con el aumento del ángulo fuera del plano, la asignación de las resonancias SAR
y la interpretación de los modos de fonones de baja energía. Los resultados
para Gr/Ir(111) se han comparado con resultados anteriores para Gr/Ru(0001).
Esto dio lugar a una explicación razonable de la subestimación de la corru-
gación de moiré en Gr/Ru(0001), derivada de las medidas de HAS [157]. Esta
comparación también explica la presencia de dos modos ZA en la superficie
de Gr/Ir(111) y destaca una discrepancia entre las medidas de HREELS [78]
y HAS [71] del modo ZA en Gr/Ru(0001). Hay dos regiones identificables
dentro de la celda unitaria de moiré y la dinámica de la red es ligeramente
diferente entre ellas. Esta pequeña diferencia podría ser detectada por HAS.
El modo de 4.6 meV correspondería a las regiones altas y el modo de 7.2 meV
a las regiones más bajas en la corrugación de la celda de moiré.
Este trabajo incluyó un estudio sistemático de la transición cuántica-a-
clásica en la dispersión átomo-superficie utilizando la dispersión de Ne en
Ni(111). Las medidas de difracción angular y TOF se realizaron utilizando
el sistema ERASMO después de realizar varias modificaciones en el aparato
experimental. Hemos utilizado un modelo clásico que proporciona una expli-
cación cuantitativa de los resultados experimentales. Este estudio demostró
que las características de fonones múltiples pueden ser interpretadas errónea-
mente como un modo anómalo de fonones. La comparación de nuestros
resultados con medidas anteriores de dispersión de Ne en Ni(111) [201] indica
que nuestras medidas se encuentran en el inicio de la decoherencia cuántica,
especialmente gracias a la masa efectiva relativamente baja de los átomos de
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Ni. Los cálculos teóricos utilizando el modelo “smooth surface model” fueron
realizados por mí con la ayuda del Prof. J. R. Manson.
La dispersión de Ne se ha utilizado también para probar el modelo de
Debye-Waller. Hemos verificado una dependencia en función de m del factor
Debye-Waller para Gr/Ni(111), en lugar de una dependencia con
√
m como
ha sido predicho teóricamente. Se comparó la reflectividad y el factor de
Debye-Waller para Gr/Ni(111) y Ni(111) utilizando la dispersión de He y
Ne. La reflectividad relativa de Gr/Ni(111) en comparación con Ni(111) es
50% usando He y 10% usando Ne. Esto indica la importancia del potencial
de interacción átomo-superficie en la atenuación de Debye-Waller. Además,
este resultado es inconsistente con la predicción del modelo de Debye-Waller
cuando se usan las masas atómicas de las superficies de carbono y de níquel
con las temperaturas de Debye del grafeno y de Ni(111). Esto demuestra
que el modelo convencional de Debye-Waller no es adecuado para describir la
dispersión de átomos de gases nobles en superficies de materiales laminados.
Nuestras medidas de dispersión de Ne en Gr/Ir(111) muestran que el “modelo
de red blanda” es una descripción válida de los resultado experimentales,
también hemos verificado el efecto de “atrapamiento” debido a la profundidad
del pozo del potencial de interacción Ne-Gr.
Las medidas de Debye-Waller junto con la difracción angular de Ne en
las superficies estudiadas mostraron evidencia suficiente de que el modelo
convencional de Debye-Waller no es adecuado para describir la dispersión de
gases de materiales laminados, ya que la masa atómica efectiva de la superficie
aparece multiplicada por la ambigua temperatura de Debye de la superficie en
el exponente del factor Debye-Waller. Esto da lugar a una derivación errónea
de la temperatura de Debye de la superficie. Sin embargo, la pendiente de
las medidas de la atenuación Debye-Waller es un método útil para obtener
información cualitativa y valiosa sobre la fuerza de acoplamiento entre las
primeras capas de la superficie.
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Copper evaporator
A homemade copper evaporator was mounted in ERASMO before the work of
this study. The old evaporator was bulky and collapsed under its own weight.
A new design was made. The flange was recycled from an old Bayard–Alpert
ionization gauge with a light tube welded to the flange. The total length of the
evaporator is 56 cm. The crucible is insulated from ground and can be heated
by electron bombardment using one of two tungsten filaments located next to
it. A K-type thermocouple is spot-welded to the crucible which is connected
via a high-voltage isolation circuit to the PC. Figure 6.2 shows a photograph
of this evaporator.
Figure 6.2: Light-weight evaporator installed in ERASMO
Piezoelectric module A piezoelectric table with a mounted 20 µm slit has
been installed in the first chamber of the TOF arm, the purpose of this table
is to measure the spot size of the reflected beam once it was reduced to below
100 nm. The table can be controlled from the PC via the LabVIEW software.
Fig. 6.3 shows an example measurement using the piezo module. A profile of
the peak is reconstructed using multiple scans with the piezo table each after
rotating the sample 0.04°.
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Figure 6.3: Angular distribution modulated by a movable slit on a piezo table of He
scattering from different samples.
Mirror bending manipulators
Figure 6.4 shows a scheme of the electrostatic plate-bending holder to be used
in TEAMS. It can be mounted using the Load-lock chamber. The sample in
this holder can be mounted between the first two disks (from the left), a margin
of 0.5 mm allows for bending with less resistance. Three ceramics isolate the
sample from the third disk which is to be connected high voltage. The sample
is grounded in this setup.
Fig. 6.5 shows a mechanical bending mechanism, here the azimuth con-
troller is disconnected and the azimuthal degree of freedom is locked in place.
The azimuthal motion controller is then connected to a rotary wedge which can
slide below a motion transformer which is a rectangular piece that can rotate
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Figure 6.4: Scheme of electrostatic thin mirror bender.
Figure 6.5: Thin mirror mechanical bender to be used in ERASMO
around a shaft perpendicular to the wedge’s shaft. The result is converting the
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vertical linear motion of the azimuth manipulator to a horizontal motion. The
sample is sandwiched between a thick Teflon disc and one stainless steel disc.
Four finger pass through the Teflon disc to be screwed on the motion trans-
former. The Teflon disc serves as a controller of the uniformity of the motion
of the fingers which are gloved with gold-plated pins. Gold is the material that
has the weakest interaction with graphene. Moving the azimuth manipulator
permits the fingers to push against the surface of the sample. Several modifi-
cations had to be done after the initial design which is shown in the scheme in
Fig. 6.5 and the final product is shown in the photograph. The parts have been
assembled and tested in air, sufficient force can be applied with this design to
curve a super G sample.
Adapter for large sample for TEAMS Using curved surfaces for a focusing
mirror reduces the technical problems that can arise in mechanically or elec-
trostatically bending a thin film. However, commercially available lenses are
too large for the current design of the Load-Lock chamber which allows for a
fast change of the sample without breaking the vacuum in the main chamber.
Thus, an adapter was needed especially since more than 50 samples were used
in TEAMS during the last few years. The design is shown in Fig. 6.6. The
measurements conducted using this adapter are included the PhD. thesis of
Gloria Anomene (in preparation).
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Figure 6.6: Adapter for larger samples used in TEAMS.
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